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Abstract  
Recently significant attention has been paid globally to renewable energy as an 
alternative to fossil fuels, which are responsible for climate change and economic crises. 
Although various sources of clean energy exist, the amount generated from these 
sources has not reached levels capable of meeting the world's energy needs. Biogas 
produced from the digestion of organic material in the absence of oxygen is one of the 
most promising possible alternatives for use in generating electrical and heat energy or 
fuel for vehicles. In addition, it is considered a cheap alternative compared with biofuels 
produced from other biological processes. However, anaerobic digestion (means of 
producing biogas) faces many challenges, including low production levels and 
operational problems. 
The current research is a serious attempt to address these problems through the 
exploitation of possible ways to increase production of methane and reduce the 
operation and maintenance costs. The study suggests the use of a sparging system in 
anaerobic digesters to convert unspontaneous reactions to spontaneous reactions by 
reducing the partial pressure of intermediate gases; thus, the reactions become 
thermodynamically favourable and provide impetus for a higher level of production. In 
order to increase the momentum, mass and heat transfer rates, microbubbles generated 
by fluidic oscillation was used in a gaslift bioreactor. The application of microbbubles 
in airlift bioreactors has been experimented with studying the kinetics of carbon dioxide 
transfer mechanisms. The efficiency of CO2 removal from the liquid as a step toward 
upgrading biogas has been increased up to 29% by microbubble sparging (550µm) 
compared with fine bubble sparging (1300µm). The design and simulation of a gaslift 
bioreactor with microbubbles generated by fluidic oscillation is discussed in the present 
research. The simulation study was carried out by using computational fluidic 
dynamics. The effect of bubble size, location of the diffuser, and dead zone on the 
efficiency of the bioreactor has also been investigated. The simulation results show that 
the use of microbubbles not only increased the surface area to volume ratio, but also 
increased mixing efficiency through increasing the velocity of the circulation liquid 
around the draft tube. Moreover, the simulation data demonstrated that when the 
diameter of the microbubbles exceeded 200 µm, the “downcomer” region, which is 
equivalent to more than half of the overall volume of the airlift bioreactor, is free from 
gas bubbles. The designed gaslift bioreactor was also used for processing the digested 
sludge from acidic gases (carbon dioxide and hydrogen sulphide), which have a 
   Abstract 
Mahmood K. H. AL-Mashhadani                                                                                                                      IV 
 
pejorative effect on the environment when they are eventually released, as well as 
causing operational difficulties through creating cavitation phenomena and the 
accompanying pump load. The results obtained from the experiments show that the 
removal of acidic gases in an airlift digester is significantly greater with microbubble 
technology than with a conventional digester. 
Application of a sparging system in anaerobic digestion to break down the organic 
matter under mesophilic conditions was investigated in the present thesis. The study 
involved the use of different gases: nitrogen, nitrogen with carbon dioxide, undiluted 
biogas, diluted biogas by carbon dioxide, and finally pure carbon dioxide. The 
experiments were carried out with and without fluidic oscillation in three identical lab-
scale gaslift anaerobic digesters fed by kitchen waste under different operational 
conditions. The results show that using pure nitrogen as a sparged gas in anaerobic 
digestion, with or without microbubble technology, leads to a reduction in methane 
production. The study concluded that the nitrogen sparging system causes the stripping 
of all intermediate gases, such as carbon dioxide and hydrogen, which are necessary for 
other bacteria to produce acetate and methane. Although the carbon dioxide was 
compensated for the second part of experiments, this action did not lead to an increase 
in methane production. Enhancement in methane production was observed when the 
undiluted and diluted biogas was recycled in the anaerobic digestion. The results show 
that 10-14% more methane was produced from the gaslift digester than was observed in 
the conventional anaerobic digester.  In the final part the gaslift digester was sparged 
with pure carbon dioxide. The results show that using pure carbon dioxide led to the 
production of double the amount of methane than was produced by the conventional 
digester. 
The sparging system used in the study also incorporated a new heating system for 
anaerobic digestion that used direct-contact evaporation process. The study used Central 
Composite Rotatable Design to create an equation based on three parameters (liquid 
level, flow rate and heating time). This equation was obtained by taking the five values 
for the individual parameters in each experiment while the percentage of evaporation, 
water temperature and humidity were measured as objective variables.  The results 
show that liquid level has a significant effect on the liquid temperature due to the 
existence of competition between the latent heat transferred and the sensible heat in the 
direct contact system. The conversion of heat supplied to sensible heat was observed 
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with an increase in liquid level, which can be converted to latent heat when the liquid 
level is decreased. 
Finally, and according to the above results, the present thesis proposes the integration of 
anaerobic digestion unit, combined heat and power (CHP unit), removal of acid gases 
unit and upgrading of biogas unit. This integration, along with microbubbles generated 
by a fluidic oscillator, represents an effective way to increase the efficiency of biogas 
production and reduce the operational difficulties.  
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Application of microbubbles generated by fluidic 
oscillation in the anaerobic digestion process 
 
 
  
 
1.1 Introduction  
Economic crises resulting from fluctuations in fossil fuel prices and the negative effects 
on the environment caused by emissions of greenhouse gases have become major global 
problems. The search for renewable fuels has become the main focus for many 
researchers and those interested in the production of renewable energy. Alternative 
clean sources of energy are available, for instance, solar, hydroelectric and wind; 
however, these have not so far been able to produce sufficient energy to substitute for 
fossil fuels. 
Production of bio-fuels from agricultural crops is regarded as a major potential 
alternative and has engendered a sense of optimism with regard to addressing the 
economic and environmental problems associated with fossil fuels. However, it has not 
emerged as a viable replacement for traditional fuels. The fact is that the amount of 
biofuel produced from agricultural crops has been relatively small compared with the 
large areas of fertile land used for agriculture; and inevitably, the use of such land for 
biofuel production would create the conditions for a global food crisis. 
This scenario could be averted by using microalgae to produce biodiesel, instead of oil 
crops, due to their high oil content, which in some species reaches almost 50%. 
Photosynthesis of microalgae requires sunlight, water, nutrients and carbon dioxide as a 
source of carbon. According to previous studies, the percentage of carbon in the 
biomass of algae is 40-50%. This means that the production of 1 kg of biomass needs 
1.5 to 2 kg of carbon dioxide. This quantity of carbon dioxide is relatively large; 
therefore, supplying carbon dioxide to the cultivation of microalgae is one of the 
fundamental difficulties that must be resolved to reduce the cost of producing bio-fuels. 
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In addition, the provision of pure carbon dioxide and transferring it to the culture is one 
of the major costs for the production of bio-fuels from microalgae. According to 
previous studies, there are alternatives that can be used for providing carbon dioxide, 
but gases and impurities that accompany the carbon dioxide production have a negative 
impact on the cultivation of microalgae. In addition, the technical and economic 
obstacles to the achievement of the required level of biofuel production from microalgae 
remain. 
Anaerobic digestion represents a renewable energy source. It is commonly used for 
nutrient and energy recovery from biomass and also to stabilise the sludge produced in 
wastewater treatment.  Organic matter is broken down through four biodegradation 
stages into methane (CH4), carbon dioxide (CO2), varying amounts of hydrogen 
sulphide (H2S), and the digested sludge, which can be used as a soil fertilizer. Bio-
methane can be used for generation of electricity or used as biofuel for vehicles after 
upgrading processes. The production and upgrading costs of biogas are lower than the 
costs of production and upgrading of bio-fuel produced from agriculture crop or from 
microalgae. However the challenges facing the anaerobic digestion process have 
become a major obstacle to this source becoming a leading renewable energy source. 
Among these challenges are the low level of biogas production and operational 
difficulties.  
The present study is a serious attempt to address these problems through intensive study 
and numerous experiments in which several recently developed techniques are used in 
an attempt to improve production and overcome operational problems. 
The current research suggests the use of a sparging system in anaerobic digestion to 
reduce the partial pressure of the product gases with a negative value change in Gibbs 
free energy; hence the reaction becomes thermodynamically favourable and provides 
impetus for the formation of more products. The present study offers the use of a gaslift 
bioreactor as an alternative to a conventional digester for reduction of the partial 
pressure of carbon dioxide, hydrogen and methane. The airlift (gaslift) reactors (ALRs), 
which have been used in several industrial applications requiring gas-liquid contacting, 
have many advantages over stirred tanks. For instance, the fact that there are no moving 
parts inside the reactor can potentially lower costs of installation and maintenance as 
well as energy consumption. In addition to good mixing, ALRs maintain long periods of 
gas-liquid contacting and do not cause shear damage to cells. This has led to their 
widespread use in various biological processes. However, these bio-reactors still need 
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further technical development in order to increase the efficiency of the mass and heat 
transfer rate in gas-liquid processes.  
There have been many attempts to develop reactors for biological applications. These 
attempts have been targeted at increasing the contact time and interfacial area between 
gas and liquid phases and improving heat transfer and mass transfer between the two 
phases (gas and liquid).  
Use of traditional methods, such as stirred tanks with high speeds, can contribute to 
achieving the desired goals; however, the economic costs and operational problems 
have hampered the development of these reactors. This scenario could be changed if 
microbubbles technology could be applied to chemical and biochemical processes. 
These systems could achieve significant improvements in mass flux by increasing the 
surface area to volume ratios of the bubbles. In spite of successive developments in 
microbubble generation systems, the energy requirements are still fairly high and these 
systems are not yet economically viable. 
The current study suggests the use of a modern technology (microbubble technology) in 
anaerobic digestion to enhance the mass transfer and mixing system. This technology 
generates bubbles with micron size by fluidic oscillation but with lower energy 
requirements. The idea of this technology is to limit the time required to grow the 
bubbles generated from the pores and prevent them from growing any bigger than 
micron size.  
In the present study, the hypothesis says that the use of microbubbles generated by 
fluidic oscillation in anaerobic digestion increases methane production through 
reduction of the partial pressure of methane, enhancing the mixing efficiency and 
reduces production costs through enhancement of momentum and mass transfer rate.  
In addition this technology can be used for processing the digested sludge by removal of 
acid-gases, which cause damage to pipelines and storage equipment. Furthermore, the 
study also hypothesises that the development of a heating system in anaerobic digestion 
can be achieved by conversion of direct-contact evaporation to direct-contact heating. 
These ideas represent the first attempt to use this technology in anaerobic digestion 
processes. 
In the present study, sparging system and microbubbles generated by fluidic oscillation 
were applied in: 
1.   Upgrading process of biogas generated from anaerobic digestion. 
2.   Anaerobic digestion process. 
3.   Re-processing the digested sludge. 
4.   Development of heating system in anaerobic digestion. 
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In addition the present study suggested the following integration of above units with 
anaerobic digestion to achieve the desired aims as shown in Figure 1.1. 
 
Figure 1.1: Integration of biological processes using sparging system and 
microbubbles generated by fluidic oscillation 
 
Investigation of the application of microbubbles generated by fluidic oscillation to the 
anaerobic digestion process is continued in the subsequent chapters of the current thesis. 
Chapter Three (Materials and Methods) discusses preparation of anaerobic digestion 
for laboratory purposes (Anaerobic digestion for laboratory purposes) and consists of 
two parts. The first part (Synthesis of the sludge for laboratory purpose) explains the 
preparation of sludge for experimental purposes. The sludge was considered in terms of 
good production of biogas along with the safety of the environment in the lab; in 
particular, the focus was on the use of a sparging system in anaerobic digestion and 
overcoming operational problems usually associated with such work.  
The second part of the chapter deals with (Collection of biogas for laboratory 
purposes) and the creation of a method for capturing biogas produced from the 
anaerobic digester whilst maintaining the operation of the digester at 1 atm. This 
method was suggested to prevent any pressure or vacuum pressure from affecting the 
performance of the digester, since the digestion is an anaerobic process and biogas can 
cause pressure in the head space of the digester.  
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In addition, this chapter includes the materials and methods for all experiments that 
carried out in the present thesis.   
Chapter Four discusses mass transfer in gas-liquid contact systems and is titled CO2 
Mass Transfer Induced through an Airlift Loop. In this chapter the enhancement of 
the mass transfer rate using fine bubbles and microbubbles generated by fluidic 
oscillation is investigated as well as the dynamics of producing microbubble clouds 
through fluidic oscillation to enhance CO2 gas transfer for either scrubbing or stripping 
operations in aqueous solutions. The kinetics of carbon dioxide transfer mechanisms are 
studied in relation to sparging with conventional fine bubbles and microbubbles.  
Chapter Five deals with the design of a gaslift bioreactor for anaerobic fermentation 
(Gaslift bioreactor for biological applications with microbubble mediated 
transport processes: design and simulation). This chapter considers utilization of 
microbubbles generated by fluidic oscillation with gaslift in bioprocessing applications. 
Design and simulation of a gaslift bioreactor with microbubbles was facilitated by using 
Comsol multiphysics software. The effects of bubble size, draft tube diameter and 
position of diffuser on the fluidic dynamic are investigated. 
Chapter Six recommends the use of a gaslift bioreactor, which the design and 
simulation were discussed in the previous chapter, in enhancement of the amount of 
biogas produced from the digested sludge. This chapter proposes further processing of 
already digested sludge by using an airlift bioreactor and, in particular, considers the 
effects of periodic sparging through the use of nitrogen gas in anaerobic digestion. This 
chapter focuses on the application of the suggested design for removal of acid gases 
from the digested sludge using microbubbles generated by fluidic oscillation. The 
present section addresses the mechanism of post anaerobic digestion of digested sludge 
for removal of acid gases (CO2 and H2S) using microbubbles generated by fluidic 
oscillator.  
Chapter Seven addresses application of microbubbles generated in anaerobic digestion 
using different gases and is titled Investigation of sparging systems in anaerobic 
digestion using different gases and microbubbles generated by fluidic oscillation. 
Effects of the sparging system caused by using different gas types, such as pure 
nitrogen, nitrogen and carbon dioxide, undiluted biogas, diluted biogas by carbon 
dioxide, and finally pure carbon dioxide on the efficiency of biogas yield are 
investigated in this chapter.  
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The chapter presents and discusses the results obtained from the experiments using 
different concentrations of different gases and their effects on the production of biogas 
from anaerobic digestion. 
Chapter Eight suggests the use of direct contact evaporation to improve the heating 
system in anaerobic digestion and is titled Direct-contact evaporation to direct-
contact heating as a step to improve heating in a biological application. This study 
addresses the utilization of direct-contact evaporation for process heating through the 
conversion of direct-contact evaporation into direct-contact heating. Conversion of the 
latent heat into sensible heat in direct contact evaporation is discussed based on the 
three parameters used in this study: liquid level, flow rate of hot gas and heating time. 
Chapter Nine addresses conclusions and recommendations of the current study 
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Chapter Two 
Literature Review  
 
 
 
 
2.1 Literature Review 
Increasing global demand for energy and the economic crises resulting from 
fluctuations in fossil fuel prices have been major problems facing the world for many 
decades (Dryzek, 2011). In addition, gas emissions have now reached critical and 
dangerous levels that have resulted in climate change and global warming. Hence many 
researchers have sought solutions to these problems. Renewable energy sources are 
considered to offer one such solution by reducing the incidence of such crises and the 
environmental effects. Recently, researchers have focused their attention on one of the 
most daunting challenges currently facing the world in terms of preserving global 
stability, economic prosperity and quality of life on this earth, namely, finding ways of 
providing adequate supplies of clean energy. 
Fossil fuels represent around three-quarters of total global energy requirements, 
supplying transportation, industries and household needs. Electricity only accounts at 
present for around one-third of global energy consumption (Gouveia et al. 2009). The 
excessive use of fossil fuels will lead eventually to the depletion of resources. 
Emissions of greenhouse gases are causing climate change; carbon dioxide emissions, in 
particular, have exceeded dangerous levels and account for 450 parts per million of the 
total greenhouse gases (Schenk et al., 2008). 
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 Although there are clean alternatives to fossil fuel, for example, hydroelectric, solar, 
wind, tidal, and geothermal power, the production of energy from these alternatives at 
present supplies a very low percentage of the world's energy needs.  
For the above reasons, researchers have begun to focus on the production of bio-fuels, 
which not only offer an alternative to fossil fuels, but also can reduce emission of 
greenhouse gases (Chisti, 2007).  
The production of bio-fuel (bio-diesel and bio-ethanol) from agricultural crops is one of 
the most promising alternative sources of fuel and would reduce damage to the 
environment (Schenk et al., 2008; Scott et al., 2010; Singh, 2012). Research has focused 
on reducing the cost of the extraction of oil from plants and animal fats or the use of 
food waste as a second source for bio-fuel production (Chisti, 2007; Vasudevan and 
Briggs; 2008, Hettinga et al. 2009; De wit, 2010). However, the biggest problem is that 
the extraction of bio-fuel from agricultural crops could have severe consequences for 
global food supplies, especially in poor countries because it requires large areas of 
arable land (Rosgaard et al., 2012). In addition, current supplies from these sources 
account for only approximately 0.3% of the current demand for transport fuel and there 
is no possibility of such fuel replacing petroleum derived liquid fuels in the foreseeable 
future (Chisti, 2005; Schenk et al., 2008; Eriksen, 2008). 
The production of biofuel from microalgae (algae) has already been commercialized 
and has greater potential to change the current scenario (Scott et al., 2010). Banerjee et 
al. (2002) stated that the oil content in certain types of microalgae represents 50-80% by 
weight of dry biomass, while the oil content in agricultural crops is no more than 5% 
(W/WDW) (Amaro et al. 2011). In addition, productivity of biomass of some types of 
microalgae is as much as 7.3 g/l/d (Suali and Sarbatly, 2012). Phototrophic microalgal 
growth requires solar energy, nutrients, water, and also carbon dioxide gas as a carbon 
source (Xiong et al., 2010) as well as control of the pH in the culture (Sobczuk et al., 
2000; Wang et al., 2008).  
According to previous studies, chemical analysis has shown that the content of biomass 
includes around 40-50% carbon, which suggest that the production of 1 kg of algal 
biomass requires 1.5 to 2.0 kg of carbon dioxide. This quantity is relatively large, and 
represents 33% of the cost of full scale production; therefore, the supply of carbon 
dioxide to microalgae culture is one of the fundamental difficulties that must be 
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resolved to reduce the cost of producing biofuels (Sobczuk et al., 2000). These 
estimates emphasise the need to find sources of carbon dioxide which are cheap and 
readily available. 
In the current literature, many scholars tend to highlight capturing carbon dioxide from 
power plants and cement industries (Benemann, 1997; Worrel and Price, 2001; Feng, 
2008; Barker et al., 2009; Bosoaga et al., 2009). However, Negoro et al. (1991;1993); 
Zeiler et al., (1995) and Brown et al., (1996), have confirmed that there are some gases 
and impurities associated with carbon dioxide, which affect the growth of micro-algae, 
with only a few being able to tolerate them. The separation of these gases and impurities 
from the carbon dioxide significantly adds to the cost of the production of biofuel from 
micro-algae. Kadam (1997) studied the economics of supplying carbon dioxide to 
microalgae cultivation by developing an economic model for the recovery of carbon 
dioxide from a power plant, and found that the extraction, compression, hydration and 
transport costs amounted to about $40 per ton.  
In spite of many attempts to improve the production of biofuel from micro-algae, many 
technical and economic obstacles remain to the achievement of the required level of 
production (Scott et al., 2010). Economic costs range the production costs to the cost of 
treatment and upgrading of the biofuel produced. 
Biogas produced from fermentation processes of organic matter represents another clean 
alternative (Wang, 1999). The production and upgrading costs of biogas are lower than 
the costs of production and upgrading of bio-fuel produced from microalgae. 
Biogas qualifies as a renewable energy source (Budzianowski, 2012), since the carbon 
dioxide that is taken from the atmosphere is returned to the atmosphere again but 
without any excess. In other words, in the photosynthesis process, the plant consumes 
carbon dioxide found in the atmosphere as a source of carbon. The plants are eaten by 
animals that then produce waste, which is converted to bio-methane by biodegradation 
processes. The methane is burnt to produce energy and carbon dioxide, thus the net of 
greenhouse gas (carbon dioxide) is absent as shown in the Figure 2.1 (Poeschl et al., 
2010). This zero-net can be also converted into “negative-net” if the carbon dioxide 
produced from the anaerobic digester is captured by waste liquid alkaline, or the carbon-
rich digested sludge is used as fertilizer for arable soil.  
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Figure 2.1: Closed cycle to generate quasi zero-waste (Poeschl et al. 2010) 
Biogas can be produced from difference resources; sewage, livestock, manure landﬁll, 
energy crops, organic waste and waste biomass (Budzianowski, 2012) as well as 
mixtures of industrial waste with energy crops (Nges et al. 2012). The methane 
production and stability of the digestion process are affected significantly by changes in 
the substrate composition. For instance, the lipid found in the feedstock can increase the 
methane productivity (Hwu et al 1998). However, Luostarinen et al. (2009) reported 
that an increase in the lipids in the feedstock produces LOCF (Long-chain fatty acids), 
which have a negative effect on the performance of methanogenic bacteria. Similarly 
Hansen et al. (1998) mentioned that the ammonia produced from fermentation of the 
proteins inhibits methane production.  
The difference between bio-methane produced from anaerobic fermentation and natural 
gas is that natural gas contains a mixture of hydrocarbons for example, propane, ethane 
and butane (Lusk, 1998). Therefore, more greenhouse gas is produced from burning 
natural gas than is that produced from burning bio-methane.   
Production of biogas can be achieved by using anaerobic microorganisms found in an 
environment that is devoid of oxygen in wastewater plants via the anaerobic digestion 
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process. The latter, originally, was used for processing and stabilization of the raw 
sewage discharged from the primary and secondary clarifier units in wastewater 
treatment plants (Tiehm et al., 2003) as illustrated in Figure 2.2. Thus, anaerobic 
digestion is an important economic and biological process. It includes four stages 
(hydrolysis, acidogenesis, acetogenesis, and methanogenesis) in the absence of oxygen. 
The main benefits of this process are sludge stabilisation, reduction of pathogens, 
reduction of odour and solids content in the sludge, conversion of organic matter into 
energy (biogas) for use as a renewable energy source, while the effluents can be used as 
fertilizer for agriculture (Appels, et al. 2008;Sahlstrom,  2003; Birgitte, 2003; Metcalf 
and Eddy, 2003). 
          
 
Figure 2.2: Schematic of flow chart of sludge from primary and secondary clarifiers in 
anaerobic digestion 
2.2 Microbiology of the Digestion Process  
The anaerobic digestion process, which uses different types of bacteria, is divided into 
four stages; hydrolysis, acidogenesis, acetogenesis, and methanogenesis. High 
efficiency can be achieved in anaerobic digestion when the biodegradation rate in all 
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these stages is equal. If any of the bacteria used in these stages, are inhibited, this leads 
to the other bacteria in this process being inhibited; thus, the production of methane 
decreases. The anaerobic bacteria work in sequence, thus, the materials that are 
produced from the first stage, for example, are utilized in the second stage as substrate. 
Figure 2.3 shows the full-scale mesophilic anaerobic digestion system at Woodhouse 
wastewater treatment plant in the city of Sheffield in the United Kingdom.      
          
Figure 2.3: Mesophilic anaerobic digesters located in Woodhouse wastewater treatment 
plant in Sheffield, UK 
2.2.1 Hydrolysis Stage 
In this stage, insoluble and high molecular weight compounds (colloidal and particulate 
waste) are hydrolyzed into soluble compounds by enzymes released by hydrolysis 
bacteria. Fats (lipids), carbohydrate, proteins and nucleic acids, which are colloidal and 
particulate waste present in primary and secondary sludge, are converted into fatty 
acids, monosaccharides , amino acids, purines and purimidines respectively (Vavilin, 
2008).  These are small molecules that are soluble in water; however, the chemical 
bonds have the ability to convert them into insoluble molecules. The hydrolysis process 
breaks these chemical bonds, joining the small molecules together to produce large 
molecules. For example the glucose is soluble in water, but by chemical bonding is 
converted into insoluble cellulose. Therefore, the hydrolysis bacteria releases enzyme 
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cellulose to break these bonds into soluble compounds (glucose) (Appels, et al. 2008, 
Metcalf & Eddy, 2003).  
2.2.2 Fermentation Stage 
In this stage, two processes occur spontaneously: acidogenesis and acetogenesis. The 
soluble materials produced from the hydrolysis stage are disintegrated by facultative 
anaerobic bacteria. The degradation process produces propionate, buytrate, succinate, 
lactate, and ethanol as a first step, while acetate, carbon dioxide, and hydrogen are 
produced as a second step due to fermentation of the propionate and buytrate. All bio-
processes in this stage occur under low pressure of hydrogen (10
-4
).  Also, organic-
nitrogen and organic-sulfur are produced through degradation of proteins and amino 
acid. The acetate as a main organic compound is fermented further as a substrate by 
methane-forming bacteria in the final stage (Metcalf & Eddy, 2003).  
 2.2.3 Methanogensis Stage 
The methanogenesis stage or methane-production stage is the final stage in the 
anaerobic digestion process and is carried out by methanogeneic bacteria. The 
compounds produced from the fermentation stage are broken-down into methane and 
carbon dioxide by two means. First, the acetate is converted into methane and carbon 
dioxide by acetate reduction bacteria, while, second, methane and water can be 
produced through the reaction of hydrogen and carbon dioxide via hydrogen reduction 
bacteria(Appels, et al. 2008;Sahlstrom  2003; Birgitte, 2003; Metcalf & Eddy, 2003). 
            
                          
                                                                            (2.1) 
               
                           
                                                                             (2.2) 
These three stages of anaerobic digestion are illustrated in Figure 2.4.  
The methanogenic stage represents a rate-limited stage in the digestion process 
according to Gujer and Zehnder (1983). Nevertheless, Miron et al. (2000) demonstrated 
from their experiments that the types of organic matter in raw sludge can play an 
important role in determining the rate-limited stage in anaerobic digestion. The authors 
indicated that the hydrolysis stage is considered a rate-limited stage if  carbohydrate 
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(Cellulose, hemicellulose and lignin fractions) is used as a substrate in anaerobic 
digestion, since the hydrolysis rate of cellulose is very low (Nicles et al., 1983).  
    
 
 
         
 
 
 
             
   
 
 
                  Figure 2.4: Schematic of degradation steps in anaerobic digestion 
 
2.3 Effect of the Parameters on the Anaerobic Digestion 
Process. 
There are many parameters that affect the performance of anaerobic digestion, some of 
them including the following: 
2.3.1 Temperature 
Temperature is one of the main variables that affect the activity and performance of the 
microorganisms, conversion, stability, effluent and amount of production of biogas 
(Ahring et al. 2001, Sanchez et al, 2001). In general, microorganisms in anaerobic 
digestion can be classified into three thermal group according to their ability to live 
within a particular temperature range (Bartlett, 1971;Van et al, 1997). In the case of 
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psycrophiles, the temperature is below than 20 
o
C; with mesophiles, temperatures are 
between 25 and 40
o
C; and for thermophiles; temperatures are higher than 40
o
C. In each 
stage of the anaerobic digestion (hydrolysis, acidogenesis and methanogenesis), 
temperature change has a different impact. Donoso, et al. (2009) and Bouallagui et al. 
(2003) studied the influence of temperature on each stage of anaerobic digestion. They 
found that minimum effectiveness of microorganisms occurs in the Psycrophiles 
process, while a significant increase was observed with temperatures higher than 30 
o
C. 
Increasing the digester temperature has a significant effect on the degradation rate of 
organic matter, improving dewatering for solid-liquid separation and increasing 
efficiency (Varel et al. 1980; Metcalf & Eddy, 2003). However, increasing the 
temperature does not lead necessarily to increased methane production, especially if the 
temperature increases to higher than 55
o
C, which causes increase in inhibition by the 
free NH3, resulting in the process being uneconomic (Varel et al., 1980; Hashimoto et 
al., 1981; Angelidaki and Ahring, 1995; Ahring, 1995;  Ahring et al., 2001; Kim et al., 
2006). 
2.3.2 pH 
Anaerobic bacteria, especially methanogenic bacteria, are very sensitive to changes in 
pH. The activity of methanogenic bacteria is inhibited if the pH falls below 6.2 and 
methane production will stop with the accumulation of volatile fatty acids 
(Cheremisioff, 1996;  Metcalf & Eddy, 2003). There are a few species, for instance 
Methanolobus taylorii GS-16 and Methanobacterium subterraneum, capable of living 
and growing with a pH of up to 9 (Barber and Ferry, 2001). Perto et al. (1988) defined 
the optimum conditions for hydrolytic bacteria as pH equal to 6.8.  Leitao et al. (2006) 
indicated that the best conditions for the activity of methanogenesis bacteria are pH 
between 6.5 and 7.5, while Leitao et al. (2006) suggested that acidogenic bacteria are 
less affected by variation of pH value in anaerobic digestion. Gerardi 2003, summarised 
the optimum pH for some types of methanogenesis bacteria as illustrated in Table 2.1. 
The anaerobic digestion process tends to lower pH, therefore the control of pH is 
achieved by adding buffer solution. 
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Table 2.1: Optimum PH for some types of methanogenesis bacteria (Gerardi 2003) 
Genus pH 
Methanosphaera 6.8 
Methanothermus 6.5 
Methanogenium 7.0 
Methanolacinia 6.6-7.2 
Methanomicrobium 6.1-6.9 
Methanospirillium 7.0-7.5 
Methanococcoides 7.0-7.5 
Methanohalobium 6.5-7.5 
Methanolobus 
Methanothrix 
6.5-6.8 
7.1-7.8 
 
Enhancement of digestion stability can be achieved through the presence of alkalinity in 
the sludge. A decline in alkalinity in anaerobic digestion represents an indicator of 
process failure. Accumulation of organic acids, which results from the failure of 
methanogenic bacteria to convert these acids to methane, is one of main causes of 
decreases in alkalinity below the desired level. The biodegradation of proteinaceous 
substances and production of ammonia due to the release of amino group (-NH2) is the 
main source of alkalinity in the digestion process. On the other hand, degradation of 
amino acids also produces carbon dioxide. Therefore natural equilibrium in the 
digestion process can be obtained through a reaction of carbon dioxide and ammonia to 
produce ammonium bicarbonate as illustrated in the following equation. 
 
                               
                                          
                   
                                                           (2.3) 
                                
                                      
                 
                                                           (2.4) 
                         
      
   
                                     
                                                                            (2.5) 
 
This equilibrium is continuous in the digestion process unless there are external causes 
that influence the pH or alkalinity of digester. For example, the presence of organic 
acids or wastes in sludge fed to anaerobic digester affects the activity of methanogenic 
bacteria. However, the degradation of other compounds, for instance glucose, can also 
play a role in this equilibrium. For example, the acetate formed from degradation of 
glucose reacts with ammonium bicarbonate, thus, the alkalinity is destroyed until 
formation of biomethane is brought about by methanogenic bacteria.  
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                                                                                                            (2.6) 
                  
             
                                                                (2.7) 
               
                              
                                                                              (2.8) 
 
2.3.3 Hydraulic Retention Time 
Retention time (Hydraulic retention time and solid retention time): is the average time 
of retention of liquids or solids inside a bioreactor (anaerobic digestion), which is one of 
the factors affecting the performance of the anaerobic digestion, and is usually 
measured in days (Metcalf and Eddy, 2003). The temperature increase corresponds to a 
decrease of retention time; therefore, in the thermophilic digestion process the retention 
time is between 10-15 days, while mesophilic digestion takes between 20-30 days. 
2.3.4 Tolerance of Oxygen  
Anaerobic processes take place in the absence of oxygen, which is a toxic gas for all 
anaerobic bacteria; however, the degree of sensitivity of these bacteria to oxygen varies 
(Rolfe et al. 1977). In the anaerobic digestion process, oxygen is toxic to 
methanogenesis bacteria. Scott et al. (1983) used mass spectrometry to determine the 
level of sensitivity of methanogenic bacteria to oxygen in an anaerobic digester.  It was 
found that the methane production decreases by 48% when the process is exposed to 
10% oxygen for 6 min and 34% when it is exposed to 20% oxygen for 5 min. Optimal 
conditions for the methane bacteria are found to occur when the solubility of oxygen is 
lower than 0.003 mg/ L. However, some strains are viable in environmental conditions 
more exposed to oxygen (Kato et al., 1993; Zahnder and Wuhrmann, 1997). 
2.4 Characteristics of Biogas  
The composition of biogas depends on the chemical and physical properties of 
feedstock. For example, raw sewage has a high protein content that leads to production 
of a biogas with high concentrations of ammonia (Hansen et al., 1998); however, this is 
an extreme situation. In general, industrial waste (organic waste), domestic waste, and 
animal waste produce a biogas that has a general composition as illustrated in Tables 
2.2 and 2.3. 
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Table 2.2: General characteristics of biogas according to its sources (B.R.E. 2012) 
 
Components Household 
waste 
Wastewater treatment 
plants sludge 
Agricultural 
wastes 
Waste of agrifood 
industry 
Methane(% vol) 50-60 60-75 60-75 68 
Carbone dioxide 
(% vol) 
34-38 19-33 19-33 26 
Water (% vol) 6 (@ 40
o
C) 6 (@ 40
o
C) 6 (@ 40
o
C) 6 (@ 40
o
C) 
Nitrogen (% vol) 5-0 1-0 1-0 - 
Oxygen (% vol) 1-0 <0.5 <0.5 - 
Hydrogen sulphide 
(mg/m
3
) 
100-900 1000-4000 3000-10000 400 
Ammonia(mg/m
3
) - - 50-100 - 
Aromatic (mg/m
3
) 0-200 - - - 
 
 
Table 2.3: Composition of biogas and natural gas (B.R.E. 2012) 
 
Types of gas 
Biogas produced  from 
Household waste 
Biogas produced from 
Agrifood industry Natural gas 
Composition 
60% CH4 68% CH4 97.0% CH4 
33 % CO2 26 % CO2 2.2% C2 
1% N2 1% N2 0.3% C3 
0% O2 0% O2 0.1% C4+ 
6% H2O 5 % H2O 0.4% N2 
PCS kWh/m3 6.6 7.5 11.3 
PCI kWh/m3 6 6.8 10.3 
Density 0.93 0.85 0.57 
Indiex of 
Wobbe 
6.9 8.1 14.9 
 
Utilization of the biogas depends mainly on these characteristics of its composition as 
well as the level of impurities as can be seen in Figure 2.5. For instance, biogas 
produced from the digester is used by the combined heat and power to generate 
electricity and heat energy, but cannot be used as vehicle fuel unless purified of carbon 
dioxide, hydrogen sulphide and water vapour. These materials, which occur in biogas, 
not only reduce its thermal value but also can cause serious damage to combustion 
engines. The purification of biogas involves multiple stages and the use of advanced 
technology.  
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Upgrading of the biogas produced from anaerobic digestion is required to enhance its 
heating value. The presence of impurities and gases in the content of the biogas causes 
operational damage and environmental problems. 
Purification of biogas can be achieved by the removal of carbon dioxide, water, and 
H2S.  
 
 
Figure 2.5: Utilisation of biogas produced from anaerobic digestion and upgrading step 
required 
 
2.4.1 Removal of Carbon Dioxide. 
Carbon dioxide reacts with water to produce carbonic acid causing corrosion in 
pipelines and combustion equipment. In addition, high carbon dioxide content in biogas 
leads to reduction of the heating value to less than 600 BTU.  
Removal of carbon dioxide is carried out by various methods, including physical, 
chemical and biological methods (Degre`ve et al., 2001). These methods include 
absorption processes, pressure scrubbing, Organic solvents (Appels et al. 2008), 
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pressure swing adsorption (Pande and Fabian, 1989), Cryogenic separation (Deublein 
and Steinhauser, 2008), Membrane separation (Harasimowicz et al. 2007; Lastella et al. 
2002; Stern et al. 1998; Li and Teo 1993), and chemical conversion [Appels et al. 
2008]. 
2.4.2 Removal of Water 
The water content in biogas reaches a saturation state. Removal of water reduces its 
potential conversion to acidic water by H2S and CO2. Silica gel and hygroscopic salts 
are materials commonly used in the removal process (Deublein and Steinhauser, 2008). 
2.4.3 Removal of Hydrogen Sulphide  
Although hydrogen sulphide is one of the trace gases in biogas, this gas has 
environmental effects as well as causing corrosion in pipelines and combustion 
equipment. Removal can be achieved by added iron to the sludge to produce insoluble 
sulphides or by biological treatment through utilisation of the Thiobacillus family in 
oxidation of sulphides to elementary sulphur (Horikawa, 2004, Abatzoglou and Boivin, 
2009, Appels et al. 2008). 
2.5 Challenges in the Anaerobic Digestion Process 
Anaerobic digestion, likes any biological process, has benefits and problems. 
Advantages include lower energy consumption, lower biomass production, less 
pollution in the wastewater, and as sources of nitrogen and phosphate for fertilizing the 
soil (Appels, et al. 2008;Sahlstrom  2003; Birgitte, 2003; Metcalf & Eddy, 2003). 
Moreover, the process can convert the energy stored in organic material to methane to 
generate electrical and heat energy, whilst less bioreactor volume is required with high 
volumetric organic matter loads. However, anaerobic digestion has potential 
disadvantages that present obstacles to its development as a major source of clean 
energy (Salomoni, & Petazzoni , 2006).  These problems include low production, high 
energy required for the mixing system, poor heating system as well as generation of 
acid gases that cause potential problems for subsequent processes (Metcalf and Eddy, 
2003).  
2.5.1 Mixing System in Anaerobic Digestion 
 The mixing process in bioreactors is a critical factor in determining the efficiency of 
fermentation and the nature of the design. It plays an active role in providing a suitable 
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environment for micro-organisms, helping to maintain uniformity of temperature, pH 
and added chemicals throughout all parts of the reactor. It is important in providing the 
bacteria with substrate, dissolved gases and (if necessary) heat and also prevents the 
formation of a scum layer in the top of the reactor (Bellow-Mendoza and Sharratt, 1998; 
Monteith et al., (1981). 
Hence, many researchers have studied the crucial role of mixing in terms of its effects 
on the performance of anaerobic digestion and biogas production (Borole et al., 2006). 
Stroort et al., (2001) studied the effects of mixing on the performance of anaerobic 
digestion, and compared continuous mixing with non-continuous mixing. The authors 
found that reducing the level of mixing in the process helps to improve the performance 
of anaerobic digestion and concluded that constant mixing is not necessary for good 
performance of the process, and may lead to inhibition at high loading rates. Similarly 
Stafford (1982) found that high-speed mixing in the anaerobic digestion process leads to 
reduced production of biogas, due to shear forces which separate the microorganisms 
from their substrates. Also, McMahon et al. (2001) claimed that a high level of mixing 
causes the accumulation of propionate, acetate, and volatile fatty acid. In addition, it 
leads to inhibition of the mutually beneficial interaction which occurs between different 
species of bacteria in anaerobic digestion. Reduction of the level of mixing, on the other 
hand, leads to degradation of propionate and an increase in the stability of the anaerobic 
digester.  Therefore, the level of mixing determines the stability of the anaerobic 
digestion process. 
There is a proportional relation between the level of the mixing required and the 
concentration of total solids which enter the bioreactor. Karim et al. (2005), 
demonstrated that the effect of mixing on anaerobic digestion is related to the amount of 
manure slurry in the feed. They found that mixing is not critical (i.e. it does not affect 
the production of bio-gas) if the amount of manure slurry is only 5%, because this 
concentration of solids needs only natural mixing to provide a suitable environment for 
the bacteria. The effect of forced mixing on anaerobic digestion appears when the level 
of the solids is increased, and at a solids concentration of 10% it leads to an increase in 
bio-gas production of 29%. 
Bello-Mendoza and Sharratt (1998) created a dynamic model for the diagnosis of the 
impact of mixing on the amount of methane production and efficiency of the process. 
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The authors found that non-efficient mixing leads to a decrease in both efficiency of 
anaerobic digestion and amount of methane produced. More importantly, results 
indicated that mixing efficiently helps to reduce the hydraulic retention time as long as 
the same level of efficiency of treatment required is maintained throughout. 
It is possible to conclude that the efficiency of the mixing helps to reduce the size of the 
reactor and increase the amount of sludge treated and the amount of methane produced. 
In the same context, Monteith et al., (1981) indicated that uniformity in mixing in the 
anaerobic digestion process will result in the reduction of hydraulic retention time. The 
authors suggested that an inefficient mixing system leads to instability in the process 
and affects the performance of anaerobic digestion.  
Previous investigations have highlighted the mixing factor effect and its importance on 
digestion, and the amount of biogas produced, and indeed plays a critical role in the 
success or failure of the entire process. Also confirmed is the fact that, for several 
reasons, high velocity in the process of mixing is detrimental for digestion and the 
production of methane, and may lead to low efficiency of digestion and lack of methane 
output. In addition, high velocity of mixing involves a higher level of energy input, 
which affects the resulting energy balance; therefore the process is less efficient due to 
the higher input of energy required for mixing.  
Therefore, it is possible to conclude, that the efficient mixing of sludge at low or 
moderate speeds is a more efficient mode of operation, and research into this process 
will form the main focus of this investigation. Anaerobic digestion already utilizes a 
natural mixing system, since biogases are produced, such as methane and carbon 
dioxide and due to the natural mixing capacity of its high buoyancy force. However, 
although the process is able to mix the sludge in the digester, it is not able to break the 
scum and prevent the formation of a thermal layer.  
The main types of mixing system in anaerobic digestion can be classified in to external 
pumped recirculation, internal pumped recirculation and gas injection as illustrated in 
Figure 2.6.  
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Figure 2.6: Some types of mixing systems used in anaerobic digester (Metcalf &Eddy, 
2003) 
 
External pumped recirculation includes recycling the sludge using an external pump 
specialized for this purpose. The active sludge and raw sewage are mixed and are 
recycled by this method of mixing at a high flow rate to ensure the efficient mixing of 
all the sludge in the digester. However, this method requires high energy, depending on 
the characteristics of the sludge and geometry of the digester. In addition, the friction 
caused by the deposition of some solids and rags on the inner walls of the pipelines in 
effect increases the energy required for this type of mixing. The operational problems 
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inherent in this system are many and varied, and include damage to the pump and pipes 
(Appels et al., 2008). 
The machinery for internal mechanical mixing consists of three main parts. The first is 
the pump, which is placed at the top of the digester; the second is the pipeline for 
transmission of the movement generated by the engine to the third part (impellers) that 
are submerged in the sludge. The amount of electrical energy required for this type of 
mixing is less than for external pumped recirculation; however, the cost of maintenance 
and installation is high, especially in the third part of this system, due to accumulation 
of solids in the impeller as shown in the Figure 2.7 (Metcalf &Eddy, 2003). 
 
                 
 
Figure 2.7: Submersible mixer is lifted out from the digester for cleaning 
Gas injection processes consist of two types. First, there is the unconfined gas system, 
whereby the gas is collected from the top of the digester, and then discharged by a 
diffuser at the bottom. The second type is the confined gas system, whereby the gas is 
collected from the top of digester, and then discharged via confined tubes (Metcalf 
&Eddy, 2003). 
 The most common problems associated with these types are: 
1. Corrosion of impellers, shifts, gas piping, and other equipment. 
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2. Scaling and wear of the equipment by solids (grits). 
3. High manufacturing cost and high level maintenance needed of the oversized 
gear-box for mechanical stirring and mechanical pumping. 
4. Mechanical pumping is sensitive to sludge levels. 
5. Pumps become plugged by rags and other debris. 
2.5.2 Heating Systems in Anaerobic Digestion  
The overall performance of a biological process is assessed by the biological reaction 
rate constants, which depend on the temperature of the medium. The temperature not 
only affects the metabolic activity of the bacteria but als the gas-liquid transfer rate and 
the characteristics of the biological medium (Metcalf & Eddy 1991; Stannard et al 1985; 
Davey, 1994). 
Predictive modelling can be used to study the response of the bacteria when the 
chemical and physical conditions of the environment are changed. Although there are 
many parameters that affect the activity of microorganisms, temperature is the factor 
that affects with the strongest effect growth rate (Zwietering et al., 1991, 1994). 
Basically, the effect of the temperature on chemical reactions can be expressed by an 
Arrhenius equation, which indicates that the chemical reaction constant exponentially 
increases with temperature as shown in the following equation. 
                                                              
  
  
 
 
   
                                                                           
Where K is the chemical reaction constant, T is temperature, R is the universal gas 
constant, and E is activation energy. 
Arrhenius law has been modified for biological applications through the creation of an 
Arrhenius plot which shows clearly that the temperature represents a cardinal factor in 
the bioprocess. The plot demonstrates that increasing the temperature leads to increase 
in the growth rate constant depending on the type of bacteria as shown in Figure 2.8 
(Ratkowsky et al., 1982, 1983). 
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                       Figure 2.8: Arrhenius plot for different types of bacteria  
Anaerobic digestion (AD) is one of the biological processes that need heating systems. 
It can be classified into three potential operating points; Psycrophiles (15-20
 o
C), 
Mesophiles (25-40 
o
C) and Thermophiles (45-60
 o
C) (Bartlett, 1971;Van et al, 1997; 
Maly and Fadrus, 1971). The minimum effectiveness of microorganisms occurs in the 
Psycrophilic process, while a significant increase is observed when the temperature rises 
above 30 
o
C (Donoso, et al., 2009; and Bouallagui et al., 2003). Higher the degradation 
rate, lower retention time and high methane production can be achieved in thermophilic 
anaerobic process. However, mesophilic anaerobic process is widely used in order to 
ensure the stability of the digestion process and reduce energy requirements (Zupancˇicˇ 
and Ros, 2003).  
The biogas produced from anaerobic digestion is used as a fuel in combined heat and 
power (CHP) systems to generate electricity, while the heat energy can be recovered 
and used to heat other endothermic bioprocesses. In wastewater treatment plants, the 
heating system in the anaerobic digester is usually run by heat energy produced from 
CHP, (Appels et al., 2008). The CHP process and anaerobic digester can be integrated, 
because the CHP process needs a cooling system, while anaerobic digestion needs a 
heating system, thus, these units are mutually beneficial. In other words, the hot water 
produced from CHP can be used directly to heat the sludge in a heat exchange while the 
cold water is returned to CHP by a closed loop system as shown in the Figure 2.9. 
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Figure 2.9: Mutually beneficial relationship between anaerobic digestion and CHP in 
WWTP. 
Heating the sludge can be achieved by an external or internal heat exchanger. In fact, 
the form of heating system traditionally used in anaerobic digesters is very problematic. 
For example, during the process of heating the sludge, the suspended solids accumulate 
in the heating tubes, causing an increase in the thickness of the tube walls. 
Consequently, heating efficiency is reduced (Vinton, 1944). Moreover, the dissolved 
gases such as CO2 and H2S, may cause corrosion of the heating pipes. If this happens, 
the sludge will penetrate inside the heat exchanger tubes leading to damage of the CHP 
system. In addition, there is an increase in energy usage due to loading of the pump 
generated by an increased fall in pressure as well as several problems associated with 
temperature control. For instance, a lag time is created between sludge entry and 
discharge. Moreover, the hot water used for heating conventional anaerobic digesters 
creates hot spots which cause burning and a build-up of sludge on the heat exchanger 
tubes. Consequently, this causes an increase in mass transfer resistance and maintenance 
costs.   
Figure 2.10 shows an example of the accumulation of the suspended solids on the heater 
tubes that occurred during our previous experiments which led to failure of the 
anaerobic digestion process. 
 
Cold water 
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Figure 2.10: Snapshot of accumulation of solids on the heating tube in lab-scale 
experiments. 
Therefore, the current study suggests the utilization of direct-contact evaporation for 
process heating through the conversion of direct-contact evaporation into direct-
contact heating. 
Direct contact evaporation (DCE) is a process that is employed industrially for 
concentrated mixtures such as fruit juices and aqueous solutions (Switzer et al., 1963; 
Cronan, 1956; Williams, 1965; Zaida et al., 1987).  In DCE, a gas is normally bubbled 
through a sparger present at the bottom of a column containing some liquid at a 
different temperature. Most DCE units operate using a superheated gas bubbled through 
a relatively cold liquid in such a way that energy from the superheated gas within the 
bubbles is transferred either as sensible heat: leading to a liquid temperature rise, or as 
latent heat of vaporisation, resulting in evaporation of the liquid into the interior of the 
bubbles (Ribeiro and Lage, 2004; Ribeiro and Lage, 2005; Ribeiro et al, 2005).  
The performance of a DCE unit depends on the amount of evaporation that can be 
achieved in a given time, therefore it is beneficial to develop methods to maximise the 
evaporation rate. Various operating variables can affect the evaporation rate in DCE. 
Such parameters include hot gas flow rate, bubble size, level of liquid and time for 
evaporation. Ribeiro & Lage (2004) studied the effect of changing gas flow rate on the 
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operation of a DCE unit and found the rate of evaporation to increase with increasing 
gas flow rate. Iyer and Chu (1971) observed the same effect in submerged combustion 
experiments.  
Utilization of direct contact evaporation in the present study is aimed at addressing 
some problems that occur in traditional heating systems for the anaerobic digester as 
will explained in chapter eight.  
In the present study, the development of the mixing system and heating system in the 
anaerobic digestion process study involved the use of an airlift bioreactor. 
2.6 Using the Airlift Bioreactor  
In spite of the accelerated development of bioreactors due to their widespread use, there 
are still difficulties in maintaining stability and efficiency of bioprocesses. It is believed 
that the most important causes of failure have been poor construction and design, 
leading to inadequate mixing, which may jeopardize the stability and performance of 
the process (Karim et al 2003(a), Karim et al. 2005(b), Monteith et al. 1981, Lay 2000 and 
2001). 
The mixing process in bioreactors is critical factor in determining the efficiency of the 
fermentation process and the nature of design that will provide a suitable environment 
for microorganisms.  
The traditional mixing method (i.e. stirred tanks) may yield better performance in the 
degradation process, yet when the energy requirements of the process are weighed 
against the energy obtained from the biogas produced, the process becomes 
economically unviable. Therefore, the reduction of the energy required for mixing is 
one the most challenging targets faced in the development of bioprocess applications.     
The present study proposes the use of an airlift bioreactor for application to 
bioprocessing. The airlift reactor (ALR) has been used in several industrial applications, 
and it has become the most appealing option for any process involving gas-liquid 
contact. Compared to stirred tanks, the airlift reactor has been shown to perform mixing 
more efficiently. According to their structure, airlift reactors (gaslift reactors) can be 
classified into two main types: the external loop airlift reactor, in which the circulation 
takes place in separate conduits, and the internal loop airlift reactor, which is provided 
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with a tube or a plate to create the conduit (channel) inside a single reactor for 
circulating the liquid inside the reactor
 
(Majizat et al. 1997) (Figure 2.11).  
  
 
 
  
    
        
 
 
 
 
 
 
Figure 2.11: Schematic of airlift bioreactor with (a) external recirculation and (b) 
internal recirculation 
 
Although airlift bioreactors have many advantages over continuous stirred tank reactors 
for example; lower consumed energy and lower installation and maintenance costs, 
these reactors still needs further technical development to increase the interfacial area 
between the gas phase and liquid phase. 
According to our knowledge, the use of airlift bioreactors in the anaerobic digestion 
process using different gases has not yet been investigated. Since this process is very 
sensitive to oxygen. In order to investigate the possibility of using the airlift bioreactor 
in anaerobic digestion, it is necessary to study bio-reactions that occur during the 
anaerobic digestion process. However, some researchers studied design of airlift if 
circulation of biogas is chose as a mixing method in the anaerobic digestion (Wu and 
Chen (2008); Karim et al. (2007).   
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2.7 Biochemical Reactions during Anaerobic Digestion 
The anaerobic digestion process consists of a group of reactions that are occurred 
biologically by bacteria and lead to the formation of methane and carbon dioxide 
through disintegration of organic matter. Each reaction has a specific value of Gibbs 
free energy that determines the direction of reaction as shown in Figure 2.12. As can be 
seen, some of these reactions have standard Gibbs free energy with a negative sign; this 
signifies that the reactions are spontaneous and favourable energetically, while others 
have a positive sign, which means these reactions are unfavourable energetically and 
prevent spontaneous production of methane causing the failure of the digestion process 
as a whole (Metcalf and Eddy, 2003; Schmidt and Ahring, 1993). 
However, there is a relationship between the methanogenic and acidogenic bacteria that 
is termed “mutually beneficial”. This relationship helps to convert unfavourable 
reactions into favourable reactions by maintaining low partial pressure of hydrogen. The 
partial pressure should be lower than 10
-4 
(Ahring and Westermann, 1988), to allow the 
necessary equilibrium shift in the right direction and formation of more formate and 
acetate. The production of hydrogen by acidogenesis and its utilization by 
methanogenesis is achieved by interspecies-hydrogen-transfer. 
In fact, the methanogenic bacteria play an important role in the process. Therefore, the 
failure to provide a suitable environment for these bacteria prevent hydrogen from being 
consumed in sufficient quantity and thus will inevitably lead to accumulation of VFAs 
and low pH, and ultimately the failure of the digestion process (Eddy, 2003; McCarty 
and Smith, 1986; Schmidt 1993). 
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Figure 2.12: Biological reactions in anaerobic digestion. Standard Gibbs free energy 
changes are estimated at standard conditions (25
o
C) 
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2.8 Effect of Partial Pressure on the Production of Biogas  
The mathematical relationship between Gibbs free energy and vapour pressure is as 
follows: 
      
                       
                                                                                                                      
            
          
          
                                                                                                  
Where ∆G is Gibbs free energy change, ∆Go is standard Gibbs free energy, R is 
universal gas constant, T is temperature of reaction, pA , pB, pC, and pD are partial 
pressure of reactants and products, and a,b,c, and d  are the coefficients in the balanced 
chemical equation.  
From the above equation, it is possible to note that the low partial pressure of the 
products contributes to Gibbs free energy with a negative sign, hence the reaction 
becomes thermodynamically favourable towards the formation of more products, and 
vice versa (Gary 2004). 
In the biological processes, some of bio-reactions are unspontaneous reactions and 
thermodynamically not favourable (   ). Typically, these reactions can be treated by 
two methods. The first method includes providing enough energy to endergonic 
reactions to convert them to spontaneous reactions. For instance; conversion of glucose 
to glucose-6-phosphate, which occurs in our body, is not spontaneous reactions (   ). 
To force this reaction to proceed, it should be coupled by another exergonic reaction, 
such as hydrolysis of ATP (Adenosine triphosphate) to ADP (Adenosine diphosphate) 
to provide enough energy. Therefore, the overall Gibbs free energy for both reactions 
has a negative value                   as can be shown in the following reactions: 
                  
 
         
                               
                       (2.12)  
     
            
                                  
                  
             
                                       (2.13) 
              
         
                                     
                                      
          
          
                                                                                                    Overall                       (2.14) 
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Reducing the partial pressure of products represents another method can be used to 
convert unspontinoeus reactions to spontinoeus reactions that occur in bioprocesses, 
which they share intermediates. For example, fermentation of propionate in anaerobic 
digestion has a negative value Gibbs free energy, thus, this reaction is 
thermodynamically not favourable. Forcing this reaction to spontaneous reaction can be 
occurred if the partial pressure of hydrogen reduces to 10
-4
 by methanogenesis bacteria 
as explained earlier. Thus, the overall Gibbs free energy will be negative value as can be 
seen in the following reactions: 
 
                   
       
                                           (2.15) 
 
                   
           
                                                                     (2.16) 
 
There has been much research based on the mathematical relationship between partial 
pressure and Gibbs free energy with widespread applications. But the major results of 
these applications emerged from biological processes, particularly the production 
process for bio-hydrogen. This process has caused debate among researchers about how 
to control the partial pressure of hydrogen or carbon dioxide and its effects on the 
production of hydrogen.  Many researchers have noted that an increase in hydrogen 
production could be achieved by reducing the partial pressure of hydrogen or carbon 
dioxide or both depending on the following equation: 
                   
           
                                                                            
 Tanisho et al. (1998); Park et al., (2005); Alshiyab et al., (2008) studied the effects of 
the reduction of the partial pressure of carbon dioxide on hydrogen production. Tanisho 
et al., (1998), found that hydrogen production increased when the partial pressure of 
carbon dioxide decreased. Park et al. (2005) demonstrated that reducing the 
concentration of carbon dioxide from 24.5% to 5.3% in the headspace caused an 
increase in the hydrogen yield of 43%. Alshiyab et al. (2008) indicated that there was an 
increase in the hydrogen yield when partial pressure of carbon dioxide was decreased.   
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Liang et al. (2002); Mizuno et al., (2000); Kim  et al. (2006), Kraemer and Bagley 
(2008) studied the effect of reduction in the partial pressure of hydrogen on hydrogen 
production. Liang et al. (2002) reported that the reduction of partial pressure of 
hydrogen by using silicone rubber membrane, to remove the dissolved gases, caused an 
increase in hydrogen yield of 15%. Mizuno et al. (2000) found that the hydrogen yield 
reached 68% when the partial pressure decreased, which caused an increase in its 
activity (Kim  et al. 2006; Kraemer and Bagley, 2008). 
The satisfactory results of these investigations have shown the importance of the 
removal of gases from biological processes and the effect this has on increasing 
production of hydrogen. 
The behaviour of bacteria in biological operations produces similar responses to those 
achieved by removing some of the gases. Therefore, in hydrogen production, the 
removal of some gases during anaerobic digestion is necessary for the production of 
methane. 
Hansson (1979) demonstrated that the production of methane will increase if the partial 
pressure of carbon dioxide is decreased. The author noted that high CH4 production 
occurs if the partial pressure of CO2 is 0.2 atm., while low CH4 production occurs if the 
partial pressure of CO2 is 1.0 atm.  
In a similar study, Cort et al. (1988) used two methods to remove the product gases. The 
first method (phototrophic Rhodomicrobium vannielii culture) and the second method 
(sulfate-reducing bacteria growth) were used to remove the hydrogen. Both methods, 
led to an increase in methane production and the removal of more VFA from the sludge.   
Therefore, it is possible to summarize that the reduction of the partial pressure of gases 
which are produced from biological operations leads to improvement the performance 
of bacteria, increased production of these gases, and allows the reactions to proceed due 
to thermodynamic favourability.  
The current study also utilized a new technology in the aeration system for anaerobic 
digestion. Microbubbles generated by a fluidic oscillator were used to develop the 
operation of the airlift process and increase the performance of the digestion process. 
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2.9 Microbubble Technology 
In gas-liquid systems, enhancement of the mass transfer rate depends, traditionally, on 
increasing the surface area between the two phases. The desired interfacial area can be 
obtained by increasing the agitation speed.  This approach has now become 
economically unviable due to the large amount of energy required and the prohibitive 
cost (Worden and Marshall, 1995). Bubble columns have many advantages over the 
stirred bioreactor; for example, there are no moving parts inside the bioreactor, 
installation and maintenance costs are lower and energy requirements are lower. Also, 
the use of bubble columns offers the potential for improvement in the mass and heat 
transfer rate by increasing the interfacial area between the two phases (gas and liquid) 
through the injection of gas in the bottom zone of the reactor. However, the low 
residence time, poor mixing and high turbulence of the flow has limited the use of the 
bubble column in bioprocessing (Chisti, 2007). 
Because of the advantages mentioned earlier: good mixing, long period of gas-liquid 
contact, and avoidance of shear damage to cells, the airlift reactor has been widely used 
in various biological processes. However, technical development of the bio-reactor is 
still needed in order to increase the mass and heat transfer rates in the gas-liquid 
interface. This challenge can be addressed by equipping the airlift bioreactor with 
microbubbles (Figure 2.13). 
 
 
 
 
 
 
 
 
Figure 2.13: Division of a volume into smaller, equally sized objects produces 
additional surface area that is in scale with the cube root of the dividing number 
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Mass transfer, heat transfer and momentum transfer rate are basic phenomenological in 
the chemical engineering processes and significantly increase with an increase in the 
total interfacial surface area between gas-liquid systems according to the following 
equation: 
                                                                                                              (2.18) 
Where    represents mass transfer fluxes (Mole/ sec),     is the mass transfer 
coefficient (m/s),    is the total interfacial surface area (m
2
),    is equilibrium molar 
concentration in the gas phase (mole/m
3
),    is molar concentration in liquid phase 
(mole/m
3
).  
The benefits of microbubble technology in terms of the above phenomenological 
processes can be illustrated by simple algebraic equations in the cases of a) fine bubble 
and b) microbubbles: 
 
a) For fine bubble: 
                                                   
 
 
   
                                                                              
b) For microbubble: 
                                                   
 
 
   
                                                                              
Where           represent a volumetric flow rate for fine bubbles and microbubbles 
respectively,   and    represent the number of fine bubble and microbubble sized gas 
bubbles, while            represent the fine bubble diameter and micro bubble diameter 
respectively.  
Using the same volumetric flow rate for each case and dividing the volumetric flow rate 
of the fine bubble by the volumetric flow rate of the microbubble, the equations can be 
re-arranged as follows: 
                                                  
      
  
 
  
 
  
                                                                                    
On the other hand, the surface area for each case is written as follows: 
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Equation 2.21 and equation 2.22 together describe the relationship between the surface 
area and bubble diameter: 
                                                           
   
   
 
  
  
                                                                              
From the above equation, it is clear that decreasing the bubble size leads to an increase 
in the surface area. Therefore, the total interfacial area with bubble diameter (100 µm) is 
about 20 time more than with the fine bubble, if the diameter of the latter is 2mm. 
Therefore, enhancement of mass transfer, heat transfer and momentum transfer rate in 
gas-liquid systems is expected if the bubble size reduces. 
Moreover the following Stokes equation suggests that the terminal velocity of 
microbubbles is much less than that with fine bubbles:  
      
                                              
 
 
       
 
  
                                                    (2.24) 
Where         represents the terminal velocity of the gas bubbles,    is the density 
difference between gas and liquid,    is bubble diameter, while    is the viscosity of 
liquid. It can be clearly seen that the terminal velocity of the gas bubbles decreases with 
decreasing bubble size. Thus, the residence time with microbubbles is more than that 
with fine bubbles.  
Therefore the heat transfer, mass transfer and momentum transfer rates increase when 
the bubble size decreases, due to the increase in the total interfacial surface area and 
residence time. 
It is a common belief in relation to the generation of small bubbles that reducing the 
diameter of the aperture used for the generation of bubbles leads to reduction of the 
bubble size. However, the results obtained from these experiments contrasted with that 
view. They demonstrated that the bubble size was somewhat bigger than the aperture 
size, the reason being that a wetting force becomes attached that is effective in 
increasing the size of the bubbles. This force is called an anchoring force and is 
generated between the perimeter of the aperture and the walls of the bubbles generated. 
The magnitude of the anchoring force depends on the physical and chemical 
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characteristics of the diffuser. In other words, when the diffuser has hydrophobic 
properties, an attractive force is present, while it is absent when the diffuser has 
hydrophilic properties. Therefore, the size of the bubble continues to increase unless 
there is an external force to inhibit this growth or unless the buoyancy force increases 
with the bubble size increase and overcomes the anchoring force so as to allow the 
bubble to escape into the liquid. 
In spite of successive developments of microbubble generation systems, the energy 
requirements are still reasonably high. Zimmerman et al. (2009, 2010, and 2011) have 
developed a novel aeration system through fluidic oscillation, which is capable of 
producing gas bubbles of micron size to achieve enhanced heat and mass transfer rates. 
As well as increasing the interfacial area, microbubbles offer hydrodynamic 
stabilisation, longer residence times and increased efficiency of mixing. The fluidic 
oscillation method has low energy demands compared to other methods for microbubble 
generation. The essential idea of this novel system is to use oscillatory flow to interrupt 
the air flow and limit the time available for growth of the bubbles, as shown in Figure 
2.14. 
       
 
           (With fluidic oscillator)                                   (Without fluidic oscillator)                   
Figure 2.14:  Bubbles generated by fluidic oscillation, and without fluidic oscillation 
Microbubble generation by fluidic oscillator offers many benefits, including low cost, 
reliability and robustness. This technology can provide a range of bubble diameters 
depending on the type of application and diffuser used. In the present study, a two part 
ceramic diffuser is used in a form resembling a tablet. Each part of the diffuser has a 
diameter of 5 cm and is separated completely from the other part. The gas from the 
main supply terminal into the oscillator randomly stays attached to one of the two 
channels due to the Coanda effect. This creates a pressure difference in the feedback 
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loop and, as a result, the gas from the port on the non-flowing side (higher pressure) 
flows back to the lower pressure port with the current flow (Figure 2.15b). The gas 
pushed out from the low pressure port then hits the main passing flow and switches it to 
the opposite channel. This cycle is then repeated periodically to give oscillatory jet 
switching between the flow channels. The oscillation frequency can be easily adjusted 
by changing the feedback loop length in order to create bubbles of the required size 
when the outputs are fed to separate diffusers. The fluidic oscillator can be called an 
amplifier because the very weak flow input in the feedback process controls the 
powerful output flow. The frequency rate is 9.3 Hz per sec as shown in Figures 2.15 and 
2.16.   
 
 
Figure 2.15: Fluidic oscillator system for microbubble generation (reproduced from 
Zimmerman et al. 2009. (a) Oscillator block containing no moving mechanical parts, 
with single input and two outputs. (b) Illustration of feedback loop connecting the two 
control terminals that causes gas pulses to be alternately emitted from each output. (c) 
Flow rate time history for the fluidic oscillator connected to a parallel percolation 
nozzle bank with apertures of 600 µm diameter. 
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Figure 2.16: Fluidic oscillator system for microbubble generation. Each oscillating 
output is connected to a diffuser and the rapid interruptions in gas flow in each result in 
bubble diameters of the order of the aperture diameter. 
2.10 Summary 
The present study addresses the environmental and operational problems that facing the 
anaerobic digestion process. In spite of many attempts to treat some of these problems, 
there are some challenges still stand obstacles in the development of this process. The 
current research suggested use a new technology as a serious attempt to reduce the 
anaerobic digestion costs. Microbubble generated by fluidic oscillator is one of the most 
promising possible technologies that have several advantages, which can be used to 
address these problems. 
In the present study, sparging system and microbubbles technology used to:  
1. Design of bioreactor for biological applications. 
2. Development of mixing systems in anaerobic digestion. 
3. Removal of acid-gases from the digested sludge. 
4. Increasing the amount of biogas produced from anaerobic digestion. 
5. For development of heating systems in anaerobic digestion. 
6. Integration of anaerobic digestion with upgrading of biogas unit and combined 
heat and power unit. 
2.11 Hypothesis and Objectives of Current Research  
The hypothesis of the current research can be summarized as follows: the use of 
microbubble technology in wastewater treatment plants (anaerobic digestion) reduces 
the cost of biogas production, improves the performance of anaerobic digestion, and 
increases the production of methane. In addition, using this technique to redact partial 
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pressure of methane in the biogas produced has a positive effect on the performance of 
the digestion process. Furthermore, microbubbles generated by fluidic oscillation 
contribute to the removal of acid-gases from the digested sludge. This technology can 
be used to improve the heating system in anaerobic digestion. 
The potential benefits of this hypothesis are many, and include: reduction of the cost of 
production of bio-gas, protection of the environment from emissions of carbon dioxide 
that cause global warming and climate change, improved efficiency of anaerobic 
digestion and increased production of methane due to advantages offered by micro-
bubble technology and its positive impact on the movement of material, mixing of the 
system, and reduction of the partial pressure of biogas. 
In this research, we propose the design of a new reactor equipped with a dynamic 
mixing system, whose operation will be based on micro-bubble generation. The 
suggested design will solve many problems associated with previous designs. 
This research consists of main four stages: 
1. Investigation of the kinetics of carbon dioxide transfer by sparging with 
conventional fine bubbles and microbubbles. 
2. Design and simulation of gaslift anaerobic digestion with microbubbles 
generated by fluidic oscillation using COMSOL multiphysics software to 
investigate the effect of this design on the efficiency of the mixing system in 
anaerobic digestion. 
3. Application of the proposed design biologically to the removal of acid gases 
from the digested sludge using fine bubble and microbubble technology. 
4. Application of the sparging system to anaerobic digestion using different gases       
(pure nitrogen, carbon dioxide, biogas generated by anaerobic fermentation). 
5. Improvement heating system in anaerobic digestion.  
General Benefits of the Research: 
1. It is well known that biogas is a renewable source with many applications; 
therefore, one of the objectives of the current research is to enhance the 
operation of anaerobic digestion to produce methane that is cheaper and more 
readily available compared with other resources. 
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2. Reducing the cost of production of bio-gas by application of a sparging system 
in anaerobic digestion. 
3. Protection of the environment from gas emissions which cause global warming 
and climate change that are produced in the wastewater treatment plant.  
Benefits of Using Microbubbles in Anaerobic Digestion (mass transfer): 
4. The large surface area provided by the microbubble technique will improve the 
mass transfer rate of biogas from the liquid phase to the gas phase, especially 
gas which becomes trapped in the bottom of the digester. 
5. Reducing the partial pressure of hydrogen as a result of the high mass transfer 
rate, which makes some intermediate reactions thermodynamically favourable, 
allowing the reactions to proceed smoothly, and preventing the backlog of 
volatile fatty acid (VFA) in the digester and a fall in pH . 
6. Increasing methane yield by reduction of partial pressure of methane, thus, 
encouraging methanogenic bacteria to produce more biogas and improving the 
performance of anaerobic digestion. 
Benefits of Using Microbubbles in Mixing System in Anaerobic Digestion:  
7. Using this design helps the substrate to move uniformly and gives sufficient 
time for bacterial consumption, leading to higher efficiency of digestion and 
increasing the production of biogas. 
8. Using microbubbles as a mixer reduces hydraulic retention time, thereby making 
the treatment more efficient. 
9. No moving equipment or parts inside the digester. 
10.  The electricity requirements for the new mixing system in anaerobic digestion 
are relatively low. 
11.  Low costs of installation and maintenance. 
12. Assists in the removal of trapped gas from the bottom of the anaerobic digester. 
13.  Homogeneous distribution of temperature, pH and added chemicals to all parts 
of the anaerobic digester and prevention of the formation of the dead zones 
generated in traditional mixers.  
 Literature Review                                                                                                        Chapter two                                                                                                                   
Mahmood K. H. Al-Mashhadani                                                                                                                          46 
 
14. The meeting of substrate and heat with microorganisms through intimate contact 
between feed sludge and active bacteria (active biomass). 
15.  Reduction in settling of the heavy solid materials at the bottom of the reactor 
and avoidance of the formation of scum (thick layer) on the surface of the 
sludge. 
Benefits of Using Microbubbles in the Digested Sludge 
16. An airlift (ALR) was used as an anaerobic digester in the present research to 
remove the generated gases, (CO2, and H2S) thereby reducing odour.  
17. Minimizing the corrosion in pipelines and pumps. 
Benefits of Using Microbubbles with Direct-Contact Heating Technique: 
18.  Low maintenance and operation costs in heating system. 
19.  Avoidance of heat loss caused by “baking” of the sludge on the tube in 
traditional shell and tube heat exchangers. 
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3.1 Introduction  
Applications of sparging system and microbubbles technology in anaerobic digestion 
process have investigated through several stages. The present chapter has listed and 
explained all the methodologies and materials due to difference the operational 
conditions and setup of experiments.  
 3.2 Materials and Methods for (Carbon Dioxide Mass Transfer 
Induced Through an Airlift Loop) (Chapter Four) 
In this study, two reactors with 15 L and a working volume of 8.3 L of water are used in 
the experimental work. Each reactor is equipped with a heat controller to maintain 
temperature to within 25±1 to prevent any effect on reading of pH. Tap water is sparged 
with carbon dioxide, while pH has recorded with certain periods of time until 
approaching saturation as the first, dosing, stage. In the second, stripping stage, nitrogen 
sparging with one of two different size bubbles is conducted. Conventional fine bubbles 
are produced by a nickel membrane diffuser, while microbubbles are generated by a 
ceramic diffuser and fluidic oscillation. Figure 3.1 and 3.2 illustrates the image of 
experimental work and schematic of reactor and equipment respectively. Table (3.1) 
gives the experimental operating conditions. 
      
 
                                    Figure 3.1: Image of experimental work 
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Figure 3.2: Process flow schematic for Carbon dioxide dosing and stripping 
experiments. 
Table 3.1: Experimental Conditions 
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3.3 Anaerobic digestion for laboratory purpose 
Health and environmental factors as well as operational difficulties are major challenges 
facing the development of an anaerobic digestion process by the present study. Some of 
these problems relate to the use of sludge collected from primary and secondary clarifier 
units in wastewater treatment plants, and the use of the traditional approach to biogas 
collection. 
In the first part of this chapter the author suggests a new innovative methodology for 
collecting biogas produced from anaerobic digestion. This new technique allows the 
anaerobic digestion process to operate within one atmosphere, by utilisation of 
phenomena of communicating. 
In the second part, the preparation of synthetic sludge and the use of a new method for 
collecting biogas for laboratory purposes are presented in two separate sections within 
this chapter. In the first part of this chapter, the author suggests a new procedure for 
simulation of the prepared sludge, which has been evaluated by means of biogas 
production based on environmental safety perspectives; especially this study’s use of 
the sparging system. 
The two suggested methods used in processing unit of digested sludge as well as in 
anaerobic digestion process.   
3.3.1 Collection of Biogas for Laboratory Purpose 
3.3.1.1 Introduction 
Typically, the collection of biogas in wastewater treatment plant is done by using 
flexible covers. Although advances have been made in the methods for manufacturing 
these covers and their characteristics have been improved, the impact of these covers on 
the efficiency of anaerobic digestion still needs further investigation. Gas holders (GH) 
are manufactured worldwide in large quantities; however, there is an on-going need for 
development of biogas collection and storage systems. The GH is an essential part of an 
anaerobic digester and operates under a control system and ultrasonic sensor to run the 
gas utilisation plant (CHP).  
There are numerous types of biogas holders for instance, moveable gasholder, plastic 
gasholder, and fixed-dome gasholder (Porras and Gebresenbet, 2003). These various 
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shapes and designs have advantages in terms of economic and operational benefits; 
however, many associated disadvantages also been reported: 
1. Metal covers exposed to the atmosphere cause heat loss from the anaerobic 
digester. 
2. Corrosion and cracking of the cover. 
3. As a result of pressure generated due to accumulation of biogas, large amounts 
of biogas leak through the cracks or from sides of manhole cover. 
4. Considerable quantities of biogas remain in the slurry, which being removed 
manually. 
All conventional methods for biogas collection cause increase in pressure build-up in 
the headspace of anaerobic digestion. Thus, some of biogas could be re-dissolved into 
sludge again. The rate of solubility of CO2 and     are relatively higher than that for 
CH4, thus the produced CO2 dissolves in distilled water and converts in to CO2(aq).  
                                                                                                                                     
As mentioned earlier the conversion to carbonic acid is very slow as well as carbonic 
acid is a diprotic acid, thus it contains two hydrogen atoms ionisable in water and 
dissociates into bicarbonate and carbonate ions(    
     
      ). Therefore, it can be 
concluded that the presence of dissolved carbon dioxide in liquid phase would produce 
a plenty of hydrogen ions which, in turn lead to lowering of the pH values. 
In fact, this response is not limited to the impact of carbon dioxide (CO2) concentration, 
there is another gas could also re-dissolve into sludge. It is hydrogen sulphide (H2S) 
which is generated from anaerobic digestion as a trace gas. When     dissolves in pure 
water, the pH, also, would drop due to releasing hydrogen ion and forming a week acid. 
Indeed, the behaviour of the solubility of hydrogen sulphide is very similar to carbon 
dioxide because both gases form diprotic acid in water as shown in the following 
reactions: 
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Hydrogen sulphide is a corrosive and toxic gas. It is already heavier than air, as its 
specific gravity is 1.19 more than specific gravity of air, therefore any chock or a simple 
pressure can lead to re-dissolved to sludge again.  
Sulphate dissolves with high concentrations can inhibit the generation of biogas 
produced from anaerobic digestion of wastewater. The most important reasons which 
lead to this inhibition, is that the sulphate dissolved in wastewater encourages growth 
the sulphate-reducing bacteria which consume the acetic acid and hydrogen that are 
consumed by methane bacteria to produce the biogas as well (Helton et al. 1988). This 
competition between the sulfate-reducing bacteria and the methane producing bacteria 
on consumption the hydrogen and acetic acid can be illustrated thermodynamically 
through the following equation: 
Methanogensis: 
 
       
                
                                                                                        
                        
       
               
                                                                                         
 
 
Sulphate reduction  
  
   
       
            
                 
                                                          
 
   
           
            
              
                                                           
 
From above equations, it can be seen that the sulphate-reduction reactions proceeding 
faster than methanogensis, therefore methane production is inversely proportional to 
sulphate concentration. In addition, the generated gas (H2S) has a negative impact also 
on the methane production bacteria as reported by Karhadkar et al. 1986. The author 
also suggested that the concentration of H2S in the digester can be taken as an indicator 
for inhibition of methanogenic bacteria. 
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3.3.1.2 Description of Suggested Biogas Collection 
The collection of produced biogas needs space without any air or gases that affect its 
purity. The proposed idea of biogas capturing depends on phenomena of 
communicating vessels. Communicating vessels is an experimental or test, shows that 
the pressure of the liquid at the bottom of the container does not depend on the form or 
the size of the container, but depends on the height of the liquid in that container. Figure 
3.3 shows level of water in several containers with different sizes and shapes. The level 
of liquid is similar at any vessel-end at constant pressure. 
 
 
 
 
 
 
Figure 3.3: Communicating vessels 
The above vessels are opened to atmosphere; however, everything would be different if 
these containers are closed. In this case, the pressure or vacuum pressure would occur at 
the closed ends of those containers.  
The present research suggests utilisation the vacuum pressure build up to capture biogas 
from anaerobic digestion. The capturing equipment composes of two tubes; the first 
tube, 15 cm diameter and 1m height, is called the reference tube (balance tube), while 
the second tube, 30 cm diameter and 1m height, is called collector tube as shown in the 
Figure 3.4. The upper end of reference tube is opened to atmosphere, while the upper 
end of collector tube has four exits. Two of them used to withdraw samples to measure 
composition of biogas, which are closed during the collecting the biogas, while the third 
is connected to the reactor headspace for biogas flow. The fourth was for water supply.   
 
 
 
h 
P atmos 
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Figure 3.4: Schematic diagram of biogas collector by vacuum pressure as first stage. 
The value of gauge pressure or vacuum pressure depends on the different level and can 
be express mathematically as the following: 
                                                                                                                                        
Where   is hydrostatic pressure,    is different height between the two tanks,   is 
density of the fluid (kg/m
3
), g is gravitational acceleration (9.81 m/s
2
).   
The vacuum pressure decreases with increasing the differential level of water (∆h) as 
shown in Figure 3.5. This response is found in collector tube and also in the head space 
of anaerobic digester when a closed end of collector tube is connected into the output 
stream of digester. This means that all gases leave the headspace in anaerobic digestion 
when is being under vacuum pressure which causes decrease in the partial pressure of 
those gases. Another thing is worth to notice that the vacuum pressure would contribute 
1 
2 
3 
H1 
H3 
H2 
 
4 5 
Dc 
 
dt 
 
Patm 
P Vacuum 
 
 Materials and Methods                                                                                            Chapter Three 
 
Mahmood K. H. Al-Mashhadani                                                                                                                          55 
 
in removal of the dissolved gases from the sludge due to the mass transfer phenomena 
that plays an important role in this moment. Therefore, this technique should lead to 
increase the efficiency of removal gases.   
                   
Figure 3.5: Hydrostatic pressure in the headspace of collector tube. 
The value of vacuum pressure depends on the difference level between the two 
containers.  However, the level of water will be the same in the both tanks, thus the 
pressure in the collector and headspace of anaerobic digestion will become 1 atm. Then, 
the pressure will increase in head space in anaerobic digestion if    was negative as 
shown in the Figure 3.6. Consequence re-dissolved of produced gas into medium again 
which influence negatively on activity of microorganism. 
In laboratory research, use the capturing system with vacuum pressure and bubbling 
system may give us inaccurate results. The anaerobic digestion or any bio-reactor 
should work under normal pressure (i.e. 1atm). Indeed, it was difficult to distinguish 
that any change in biogas production, for example, was occurred due to bubbling or 
vacuum system. Each one can lead to removal of biogas produced. This scenario can be 
changed if the anaerobic digestion works under normal condition (i.e. 1atm). This 
condition can be obtained, if there would be a calibration between the anaerobic 
digestion and biogas collection.  
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            Figure 3.6: Vacuum and gage pressure at different level of water  
If fact, the proposed method in this chapter is unique as it combines the two ideas to 
give an interesting design which helps to solve all the problems arose when using 
conventional methods. In other words, the vacuum pressure required to capture the 
biogas, should be faced by another pressure, which have the same value but with 
opposite direction. 
The vacuum pressure is required for capturing the biogas; however, operating of an 
anaerobic digestion with standard conditions (1 atm) is more scientifically meaningful, 
since states are then comparable". 
The present study suggested a new technique to capture biogas from anaerobic 
digestion. The schematic diagram of this method is given in the Figure 3.7. 
The capture process as described earlier consists of two reservoirs with either similar or 
different diameters. Connecting the reservoirs together leads to creating vacuum 
pressure inside the collector tank. This pressure is treated by another hydrostatic 
pressure generated by lowered level of water inside the submerged tube as shown as in 
the Figure 3.8.  
 
 
 
 
-1 
-0.8 
-0.6 
-0.4 
-0.2 
0 
0.2 
0.4 
0.6 
0.8 
1 
0.9 0.95 1 1.05 1.1 1.15 
∆
h
 (
m
) 
Hyrdostatic pressure (atm) 
vacuum pressure 
Gage pressure 
 Materials and Methods                                                                                            Chapter Three 
 
Mahmood K. H. Al-Mashhadani                                                                                                                          57 
 
 
 
 
 
 
 
 
 
 
 
 
              
 
 
 
 
 
                        Figure 3.7: Schematic of collector of biogas  
The situation can be represented mathematically: 
                                                                                                                             
                                                                                                                                  
Where        = level acidic aqueous solution in balance tank 
                  = level of acidic aqueous solution in collector tank 
                  = length of tube dispersed in collector tank 
                  = pressure of collector biogas (mbar) 
                    = pressure inside tube dispersed in the collector tank (mbar) 
 
The pressure balance:                                                                                    
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The connection of the two tanks with anaerobic digester, the vacuum pressure created 
from different levels of tank is faced by pressured created from tube dispersed in 
collector tank. 
In other word: 
                                                                                                                            
                                                                                                                                             
Therefore: 
                                                                                                                                         
Figure 3.8 clearly shows that there are two pressures (Pc and Ptube) are created at any 
level of water (H3). The Two pressures have the same value but different direction. The 
final result will be one atmospheric pressure. Therefore; there isn’t any pressure drop 
occurring in the headspace. For example at ∆H of 0.5 (H2-H1), the pressure in collector 
tank (Pc) is 0.95. In the same time, there is another pressure will be created by 
submersed tube which has value of 1.05. Thus, the exceed pressure in one side is treated 
by vacuum pressure in another side. Therefore, the final result will be 1 atmos. Within 
these conditions, the biogas can moves freely without any resistance from the headspace 
to the collector.  
                     
Figure 3.8: Pressures created in collection system 
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Therefore, the present study allows the anaerobic digester to operate with one 
atmosphere by utilisation of the phenomena of communicating vessels to create vacuum 
pressure as a first stage. The second stage treats this vacuum pressure by creation of 
hydrostatic pressure that has the same value but in different directions as action and 
reaction. 
3.3.1.3 Water Used in Biogas Collection 
One of the goals of collection was to measure with accuracy the concentrations of 
methane and carbon dioxide. The solubility of methane in water is very low; therefore 
the methane production can be measured accurately, while carbon dioxide has high 
solubility. According to the literature, the solubility of carbon dioxide can be decreased 
by decreasing the pH in the solution. The present study suggested the use of acidic 
water (i.e pH <4). The acidic water was prepared by adding HCL to tap water to reduce 
the pH of 4.  
3.3.1.4 Other Benefits of this Method  
The concentration of the collected biogas is carried out by different biogas analysers. 
Normally, these devices operate with one atmosphere and need large amounts of biogas. 
The lab-scale amount of biogas collected from the anaerobic digester is always less than 
that required for the biogas analyser. According to our experience with these types of 
biogas analyser, the optimum way of measuring to get an accurate reading is 4-5 min at 
300 ml/min. Thus, the volume required for measuring is about 1200 ml plus 1000 ml to 
get a steady state value. Not all lab experiments yield such amounts (e.g. 2000 ml), 
therefore, the suggested collector allows the biogas analyser to operate with any volume 
of biogas with 1 atmosphere pressure. The biogas analyser was connected with the 
collector via valves 4 and 5 (Figure 3.7), while other valves were closed. Thus, the 
biogas was recycled between the collector and biogas analyser.  
Although the anaerobic digester, which is connected with the suggested biogas 
collector, operates with one atmosphere, the collected biogas remains under vacuum 
pressure in the headspace of collector. Measuring the volume of biogas with vacuum 
pressure is inaccurate. In order to convert the vacuum pressure to one atmosphere 
pressure, the valves 1, 4, and 5 were kept closed, while valves 2 and 7 were open to 
allow the entry of acid water into the tube. The water supply to the collector was 
stopped when the level in the tube and the collector became equal. Then, according to 
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the level of the headspace in the collector, the volume of biogas was estimated 
according to the following equation: 
                                                    
 
 
                                                                                                
Where     is volume of collected biogas (m
3
),     is diameter of collector (m), and     
is height of collected biogas (m). 
 
3.3.2 Synthesis of the Sludge for Laboratory Purpose 
3.3.2.1 Introduction 
The development of anaerobic digestion has been beset by many challenges. One of the 
most important of these challenges involves sludge collection from wastewater 
treatment plants. Sludge in anaerobic digesters consists of organic materials, inorganic 
materials and different types of bacteria. Its collection from either primary or secondary 
clarifier units has become unacceptable for health and environmental reasons, which 
have become a major concern for many researchers and being an additional burden 
when they are conducting their experimental work.  
Even though several attempts have been made to resolve these problems through the use 
of simulated sludge, the results obtained from these experiments have been 
compromised by the use of simulated sludge, and the question of how closely it 
conforms to real sludge.  
In most cases, the physical, chemical and biological properties of fresh sludge, collected 
from wastewater treatment plants, are unknown; in addition they continually change. 
Such changes can be influenced by, for instance, the type of wastewater, sampling and 
storage duration, handlings and transfers from wastewater treatment plant to the 
laboratory, weather conditions and seasonal changes, variation of water treatment 
equipment design and operating conditions. Biologically, many types of anaerobic 
bacteria exist in wastewater (Baudez et al., 2007). The activity and type of these 
bacteria mainly depend on the characteristics of wastewater and weather conditions at 
the time of sampling, as well as on the collection method used. These parameters, for 
instance, would strongly affect the biogas production rate and the efficiency of 
biodegradation of the organic matter in the sludge. Chemical and physical properties of 
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sewage sludge vary with time; this makes it difficult to link the results obtained from 
experiments carried out using different sludge batches (e.g. starter inoculums).  
Therefore, in an attempt to prevent this problem occurring, the author of the present 
study considered using an identical sampling procedure for the sludge by taking sludge 
samples from one pre-identified source. The sludge inoculums which been 
simultaneously taken from a wastewater treatment plant would have been introduced  
into the two reactors under similar operating conditions, in an attempt to produce the 
most accurate results possible; as is reported in this chapter. However, the collection of 
sludge samples from primary and/or secondary clarifiers for lab-tests has become 
unacceptable due to numerous health and environmental restrictions.  
Hence, a process for the simulation of sludge samples has been adopted in an attempt to 
overcome these restrictions. In earlier studies, a synthesised sludge consisting of organic 
and inorganic synthetic components has been used (Baudezal, 2007; Muller and Dentel, 
2002; Dursun et al., 2004). However, the suggested methods still need to be further 
clarified through simpler procedures for preparation and use. 
This chapter suggests using a mixture of digested real sludge (which pose less danger 
than sludge collected from primary and secondary clarifiers) and simulated sludge 
formed from kitchen waste. 
3.3.2.2 Materials and Methods 
Achieving secure discharge of the kitchen waste collected from households, restaurants, 
and residues from the food industry, which makes up about 70% of the total municipal 
solid waste, has become a major challenge for the environment. Several methods have 
been used for the treatment of kitchen waste. Although landfill dumping of kitchen 
waste has been the most common method of reducing the volume, pathogens and odour 
of such waste, the incurred costs and comparatively large areas taken up by landfill sites 
are serious drawbacks of this method. Utilisation of kitchen waste as a source of energy 
generation has become the best practice both, environmentally and economically, 
through the use of biological processes such as anaerobic digestion. Such treatments 
have the combined benefits of reducing the effects of kitchen wastes as well as 
producing biogas and digested sludge (compost) which can be used as soil fertiliser. 
The different types of organic matter which make up kitchen waste are presented in 
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Table 3.2. The table below shows the substrates and nutrients which are required for the 
anaerobic digestion process. 
The simulated sludge, which was suggested in this chapter, consists of a mixture of 
anaerobic digested sludge mixed with kitchen wastes. The components and quantities of 
the kitchen wastes constituents used in the present study are presented in Table 3.3. 
Table 3.2: Type of organic matters in kitchen waste 
 
               Table 3.3: Details of materials which was used in the synthetic sludge 
 
Fresh meat, red beans, peas, lentils, white beans, chickpeas, carrots, and rice are the 
principle materials used in the sludge in the present study, since these materials have the 
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organic material (lipids, polysaccharides, proteins and nucleic acids) necessary for 
anaerobic bacteria. The first six materials were initially boiled at 100 
o
C for 1 hour, 
before being added to the rice, which has been soaked in water for 24 hours. Then, the 
product from the previous stage was thoroughly mixed for 30 min to make a simulated 
kitchen waste with more slurry after adding the water. 
According to the recommendations provided by earlier studies, feeding the digester with 
nutrients or trace metals was not necessary (Perez-elvira et. al. 2011, Chamy and Ramos 
2011, Braguglia et. al. 2011, Kim et. al. 2011, Siggins et al 2011). The studies reported 
that sludge taken from WWTP  did not require the addition of any supplementary 
nutrients or trace metals, as the used sludge already contained lipids, polysaccharides, 
proteins and nucleic acids that are required for the digestion process. 
The digested sludge, used in these experiments, was collected from an outlet stream of a 
full-scale mesophilic digester at “Woodhouse wastewater treatment plant” in Sheffield 
city in the UK.  
Many experiments with different conditions and methods were conducted in order to 
achieve the best simulation process. The experiments were carried out starting with 
using raw sludge collected from WWTP, followed by the direct use of the kitchen waste 
and the digested sludge. Although many experiments have given negative results, some 
of the experiments which have given positive results have encountered environmental 
problems (e.g. producing huge amounts of H2S gas). For instance, when the kitchen 
waste was used as a sole feed stock with no added digested sludge, huge amounts of 
biogas were produced with comparatively high H2S content, which was out of the range 
of the biogas analyser used in this experiment. This problem, consequently led to a full 
shut down of the digestion process.  
Two main setup procedures were applied in this experiment. The first procedure was 
experimental testing of the suggested mixture, which was used in the first setup trial. 
This mixture consisted of a portion of the digested sludge collected from our earlier 
experiments and a portion of the digested sludge collected from the anaerobic digester 
from wastewater treatment, in addition to the kitchen waste which was simulated and 
prepared in the present study. The aim of the second setup practice was to analyse the 
prepared simulated sludge in order to create a semi-continues process for long operation 
periods. 
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In this experiment, two identical bench-scale anaerobic digesters were setup. The 
digester has an overall volume of 15 litres, with a working volume of 9 litres. The 
working days of this experimental work were 19 and 35 days in digester 1 and 2, 
respectively. The digesters were operated under mesophilic conditions (36
o
C to 38
o
C). 
Continuous measurement of biogas produced from both digesters was achieved by 
downward displacement of acidic aqueous solution (0.2 M HCL, pH <4). All volumes 
of biogas given in this chapter have been corrected to 1atm pressure and 20
o
C. 
Continuous measurement of methane, carbon dioxide and hydrogen sulphide 
concentrations in the biogas mixture was carried out daily by biogas analyser (Data gas 
analyser, Model 0518) at 1atm pressure. A schematic diagram of the experimental 
apparatus is shown in Figure 3.9.   
A PID controller was used in the present study to maintain the temperature in the 
reactor at 35
o
C. The digester was fitted with a pH controller, type ON/OFF controller 
(model BL931700 pH minicontroller) to monitor pH values in the digester.                    
 
Figure 3.9: Process flow schematic for synthesis of the sludge for laboratory purpose 
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Volatile fatty acids (VFAs) content was measured according to Hanch Lange for Water 
Quality (HLWQ) procedure, in which the sample was filtered by centrifugal device 
(Eppendorf centrifuge 5810) at 2000 rpm for 10 min. Then, an aliquot of 0.5 ml of 
centrifuged sample was pipetted into a dry 25 ml sample cell. While the second dry 
sample cell has 0.5 of deionised (DI) which was prepared to calibrate the spectrometer 
device. Ethylene glycol (1.5 ml) and sulphuric acid (0.2 ml and 19.6 N) were also 
introduced into each sample cell. The hydroxylamine hydrochloride solution (0.5 ml), 
sodium hydroxide (2.0 ml and 4.5 N) and ferric chloride sulphuric acid solution (10 ml) 
are used in the evolution of VFAs. The details are illustrated in Appendix A.2. 
3.3.2.3 Results and Discussion  
In this experiment, the efficiency of the simulated sludge prepared for use in this study 
was evaluated by measuring the biogas production rate from anaerobic digestion as 
methane gas. The latter is produced by methanogenic bacteria through the anaerobic 
digestion process, which when it encounters any problem, prevents or slows biogas 
production (methane and carbon dioxide). Lower concentrations of hydrogen sulphide 
in the produced biogas from an anaerobic digestion process were an indicator of the 
success or otherwise of the process (Karhadkar et al., 1986). Methane, carbon dioxide 
and hydrogen sulphide, as well as oxygen, were continuously monitored during the 
experimental operation period. 
The effect of addition of kitchen waste supplement to the feed substrate on biogas 
production through anaerobic digestion process has been investigated in this section. 
Figures 3.10 and 3.11 show yield of biogas from two anaerobic digesters fed with and 
without kitchen waste supplementary substrate, respectively. It can be clearly seen that 
the amount of biogas produced from the first digester, which is fed with kitchen waste 
supplementary, is more than that produced from the second digester (e.g. fed with only 
digested sludge). 
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Figure 3.10: Methane production from anaerobic digester from the both digester 
                    
Figure 3.11: Cumulative methane production from anaerobic digester with and without 
kitchen waste 
Figure 3.12 shows the biogas concentration produced from the digester that is fed with 
15 ml of kitchen wastes. During the first six days of experiments time, the carbon 
dioxide produced from the digester is more than methane. The main reason of this 
situation is that the big production of carbon dioxide takes place in the second stage of 
the anaerobic digestion process via converting the propionate and butyrate to acetate, 
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hydrogen and carbon dioxide as shown the following equation. Moreover, the 
acidogenesis bacteria are faster growing than methanogensis bacteria. 
 
          
                             
                                                                  
                 
                        
                                                                      
        
                                 
                                                                                              
                  
                         
                                                                        
 
               
           Figure 3.12: Percentage of methane (CH4) and carbon dioxide (CO2) in biogas 
produced from anaerobic digester contains digested sludge and fed by 
kitchen waste 
As some of the produced carbon dioxide remains as a dissolved gas in the sludge, 
another portion of CO2 gas strips up of the digester to biogas collector.  
In addition, in this stage, the methanogenic bacteria have a very slow growth and they 
need time to complete the fermentation process. These bacteria convert a part of the 
produced carbon dioxide to methane by reducing of partial pressure of hydrogen 
produced from the second phase into 10
-4
. Reduction of hydrogen concentration to this 
level allows ensuring the success the whole process by reducing the accumulation of 
volatile fatty acids, as well as increasing the production of methane. The amount of 
methane produced from the reaction of hydrogen with carbon dioxide is estimated by 
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30% (Appels, et al. 2008;Sahlstrom  2003; Birgitte, 2003; Metcalf & Eddy, 2003). 
Thus, the methane production usually increases day per day until reaches to a known-
value (e.g. ≈60%). 
During operating the anaerobic digestion process, the kitchen waste slurry was fed into 
digester with 15 ml every day. Equally, similar quantities of sludge been removed daily 
from the digester in order to maintain the working volume of the anaerobic digester 
constant. 
 In order to evaluate the efficiency of the degradation process of organic material 
(kitchen waste) at different stages, the concentration of volatile fatty acid (VFAs) was 
measured in different intervals during the operation period, considering that the VFAs 
are raw materials to produce the acetates molecules by acetogenic bacteria. Figure 3.13 
below indicates that the concentration of VFAs in the digester fed with sludge and 
kitchen waste show higher values than that in the digester with sludge only. Moreover, 
there were no significant variations in pH values throughout the experiments, and the 
pH values were kept at optimal conditions as shown in Figure 3.14. Thus, this finding 
evidently support the fact that the increase in VFAs was not because of an accumulation 
process, but these values would be converted into acetate by acetogenic bacteria and 
then to the methane by methanogenic bacteria. 
             
Figure 3.13: Variations in volatile fatty acids concentration in the digester fed with 
kitchen waste and the digester contains only digested sludge. 
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Figure 3.14: pH values in the anaerobic digester that contains simulated sludge. The pH 
value remained stable at optimum conditions. 
Although the experiment in the first stage has shown encouraging results with both 
digested sludge and kitchen waste, this experiment was repeated but for longer 
operation in an attempt to ensure confirms the obtained results and the behaviour of the 
process. The digested sludge collected from Woodhouse Wastewater Treatment Plant 
(WWTP) in Sheffield city in United Kingdom, was used with the same preparation 
procedure that was used in first stage. Figures 3.15 and 3.16 show the methane and 
carbon dioxide produced from the anaerobic digester, respectively, over 35 days of 
operation. The trend of methane production has been stable during the operation period.  
             
Figure 3.15: Methane production from anaerobic digester fed with digested sludge and 
kitchen waste. 
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Figure 3.16: Values of carbon dioxide produced from anaerobic digester fed with 
simulated sludge 
Figure 3.17 below shows percentages of biogas components (e.g. CH4 and CO2) 
produced from the anaerobic digester fed with a simulated sludge. It can be seen that the 
percentages of methane and carbon dioxide were around 60-70% and around 20%, 
respectively. The data obtained from the experiments shows that use the suggested 
simulated sludge keeps operation of the anaerobic digestion with desired results, 
providing that H2S values are kept low as shown in Figure 3.18. 
               
Figure 3.17: Percentage of methane and carbon dioxide in the biogas produced from 
anaerobic digester fed with simulated sludge 
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              Figure 3.18: Hydrogen sulphide produced from anaerobic digester fed with 
simulated sludge 
It would, therefore, be expected that any accumulation of dissolved CO2 in the digesters 
without pH control would lead to lowering of pH, however, as shown in Figure 3.19, the 
results showed the capability of the used pH control system to maintain the pH within 
an ideal range in both digesters. It should also be noted that there was also a natural 
buffering effect whereby acids produced can immediately react with ammonia produced 
from biodegradation of proteins. 
       
Figure 3.19: pH value in the anaerobic digester that contains simulated sludge. 
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comparatively lower H2S gas content. Whilst, the produced methane from the digester 
that used only the digested sludge, has been decreasing during the experiment period.  
3.4 Materials and Methods for (Removal of Acid-gases from 
Digested Sludge using Periodic Sparging in an Airlift Bioreactor with 
Microbubble Generated by Fluidic Oscillation) (Chapter Six) 
Two identical lab-scale airlift anaerobic digesters were used in this study. Each one has 
a total volume of 15 litres and a working volume of 9 litres, with the remaining volume 
used as head-space.  
The sparging gas was nitrogen which generated by a nitrogen generator (Peak Scientific 
Ltd) with a purity of 99.8%. Both digesters were operated for 170 hours with a under 
mesophilic conditions at a temperature of 35
o
C. The digesters were simultaneously 
sparged with nitrogen following seeding with sludge for several hours to provide an 
anaerobic environment. The sparging with 300±50 ml/min of nitrogen was performed 
for one hour daily on the airlift bioreactor only. The total biogas production rate was 
measured continuously by downward displacement of acidified (0.2 M HCL, pH<4) 
water. Collection of biogas produced from anaerobic digester was carried out according 
method suggested in section 3.2.1. The concentrations of CH4, CO2 and H2S were 
measured by a biogas analyser (Data gas analyzer, Model 0518) at 1atm pressure. This 
device gives the composition of CH4, CO2 and O2 as percentages and H2S in ppm. The 
total volume of the gas in both collection vessels    and its composition   
  was 
measured at the same time each day (immediately before sparging of the airlift digestor) 
to calculate the daily production of each gas. For example, the daily production of 
carbon dioxide for each day =   
          
       . For the collection vessel fed by the 
gaslift digester, the present setup also made an additional set of measurements 
immediately following the 60 minute sparging period in order to calculate the 
production of gas during the sparging period only. Figure 3.20 shows the schematic 
diagram of the experimental work.  
Fresh sludge to seed the bioreactors was taken from the outlet stream of full-scale 
mesosphilic digester from the Woodhouse wastewater treatment plant in Sheffield city 
operated by Yorkshire Water.  
The key motivation for constructing two bioreactors and seeding with the same sludge 
is the inherent variability in the physical, chemical and biological properties of sludge. 
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These properties can differ widely depending on time of sampling, weather conditions 
and operating conditions. There are also many types of anaerobic bacteria that exist in 
the wastewater (Baudez et. al. 2007) in rather variable abundances depending on the 
characteristics of the wastewater and weather conditions at the time of collection. These 
factors will affect the production of biogas and the efficiency of biodegradation of the 
organic matter. Therefore, the present study uses the same sludge distributed into both 
reactors at the same time with the same operating conditions. 
The digested sludge used in this study has methanogenic bacteria but a low 
concentration of substrates and the present experiments did not include addition any 
more nutrients. Consequently, the production of biogas falls substantially over the 
course of this experiment. 
 
Figure 3.20: Process flow schematic for removal of acid-gases from digested sludge 
using pure nitrogen. Two digesters were used; the sparged digester in right side operates 
without fluidic oscillator, and the digester in left side operates without sparging system  
 
Many researchers ( Perez-elvira et. al. 201; Chamy and Ramos 2011; Braguglia et. al. 
2011; Kim et. al. 2011; Siggins et al 2011) do not introduce any nutrients or trace 
metals into digestion sludge in their experimental work because the digestion sludge for 
anaerobic digestion is mainly composed of lipids, polysaccharides, protein and nucleic 
acids which are bio-degraded by anaerobic bacteria to produce the biogas and effluent, 
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which used as fertilizer. For the successful operation of anaerobic digestion, facultative 
anaerobes, anaerobes including methanogenic bacteria and organic particulates should 
be present in the sludge. The primary clarifier provides particulates and many anaerobes 
including methane-producing bacteria, while the secondary clarifier provides many 
facultative anaerobes. 
Good pH control is a vital aspect of maintaining efficient digester operation and yet it is 
notoriously difficult to achieve due to its inherently non-linear nature. In this study, 
however, we were able to achieve a pH value within quite a tight range of 6.8-7.5 which 
provided a suitable environment for the growth of the methanogenic bacteria (note that 
other bacteria such as acidogenic bacteria can grow at lower pH values of 5-6). Due to 
the importance of pH control, the present study comments briefly on the implementation 
of pH control loop used.  
The pH controller system used in the current study is ON/OFF relay controller. It 
consists of main three parts: controller, peristaltic pump and pH probe sensor.  The low 
flow rate of peristaltic pump (1 ml/min) gave enough time distribution of the solution 
through the sludge and minimised any resulting overshoot in pH value. The type of pH 
controller system used was the BL931700 pH minicontroller. The solution which is 
used to adjust with by pH control is 0.2M sodium bicarbonate (NaHCO3). Using the 
sodium carbonate to adjust the pH in anaerobic digestion is more efficient compared 
with other bases such as NaOH for several reasons, which include this solution, is less 
corrosive and toxic, it also tends not to cause any precipitation; and therefore minimises 
maintenance and cleaning. Most importantly, NaHCO3 is a mild base that does not 
cause big jumps in pH value even for excessive doses. 
3.5 Materials and methods for (Investigation of the Effects of 
Sparging in Anaerobic Digestion using Various Gases and 
Microbubbles Generated by Fluidic oscillation)(Chapter Seven) 
3.5.1 Using Pure Nitrogen 
Three lab-scale gaslift anaerobic digesters, whose designed and simulated, were used in 
this study as is shown in Figure 3.21. Each had a total volume of 15 litres and a working 
volume of 10 litres, with the remaining volume used as head-space. N2-generated (Peak 
scientific Ltd) nitrogen with a purity of 99.9% was sparged through a micro porous 
ceramic diffuser (HP technical ceramics) with 20µm size pores. The diffuser was fitted 
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at the bottom of the digester. Sparging with 300±50 ml/min of pure nitrogen for a fixed 
duration each day was performed for 27 days. All digesters were simultaneously 
sparged with nitrogen following seeding with sludge for several hours to provide an 
anaerobic environment. The different periods of sparging used in the gaslift digesters 
are illustrated in Table 3.4. Each digester contains digested sludge, which was collected 
from the outlet stream of a full-scale mesophilic digester at the Woodhouse wastewater 
treatment plant in the city of Sheffield in the UK. In each digester kitchen waste was as 
a substrate for bacteria, 15 ml was fed daily to the digester on the basis of the results 
presented in chapter seven. In order to maintain the volume of sludge in each anaerobic 
digester, 12-15 ml was discharged daily from each reactor. Additional losses due to 
evaporation were reason why less than 15 ml were sometimes discharged to keep a 
constant level in the digester. The chemical oxygen demand (COD) of the digested 
sludge and kitchen waste were 33 and 127 g/L respectively (see Appendix A.1 for 
method). 
 In the present chapter, a proportional-integral-derivative (PID) controller was used to 
maintain the temperature in the digester at 35±1
o
C. A temperature control system was 
constructed using a 500 W heater and thermocouple sensor type K with a range of          
-128
o
C to 539
o
C. 
 
Table 3.4 Operational conditions for conducting the experiments. 
  Number of stage 
Flow rate of nitrogen 
(ml/min)  
Time of sparging  
(min) 
Working 
days 
First stage 300 100 12 
Second stage 300 60 4 
Third stage  300 30 4 
Fourth stage 300 15 3 
Fifth stage 300 5 4 
Sixth stage 300 0 11 
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Figure 3.21: Process flow schematic for sparging the digester with pure nitrogen. Three 
digesters were used; the sparged digester in right side operates with fluidic oscillator, 
the sparged digester in the middle operates without fluidic oscillator, and the digester in 
left side operates without sparging system 
 
Continuous measurement of biogas yield was accomplished by means of the downward 
displacement of acidic aqueous solution (0.2 M HCL, pH<4). Methane, carbon dioxide 
and hydrogen sulphide concentration were measured daily using a biogas analyser (Data 
gas analyser, Model 0518). Each digester was provided with a pH controller. The 
optimum pH value is between 6.8 and 7.4 which provide a suitable environment for 
growth of the anaerobic bacteria.  
The biogas produced from anaerobic fermentation is captured using the collection 
process described and explained earlier.  
Methane is a final product of digestion by anaerobic microorganisms and therefore any 
inhibitory effect on any preceding stage has an effect on the methane yield. The study 
focuses on the biogas produced from the anaerobic process (methane, carbon dioxide 
and hydrogen sulphide), while the oxygen was measured merely to check the anaerobic 
conditions. 
3.5.2 Using Nitrogen and Carbon Dioxide 
The same lab-scale anaerobic digesters used in the previous part of the study were used 
in this part, although certain changes were made to render them suitable for the intended 
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procedure. The digesters were operated for 65 days and under mesophilic conditions 
(35±1 
o
C). The biogas was collected continuously before and after the application of the 
sparging system, while the concentrations of methane, carbon dioxide, and hydrogen 
sulphide were measured using a biogas analyser (data biogas analyser model 0518). The 
gaslift digesters were sparged with N2-generated  nitrogen ((Peak scientific Ltd), with  a 
purity of 99.9% through a ceramic diffuser for 12 min, while carbon dioxide with purity 
of 99.9% (from BOC) was sparged into the same diffuser for 3 min, as shown  in the 
Figure 3.22. the digesters operate under the optimum pH condition (6.8-7.8). An 
adjustable solution of sodium bicarbonate was used in the pH buffering system. Kitchen 
waste, used as the substrate for the bacteria, was fed daily at doses of 15 ml into each 
digester, as recommended earlier. In order to maintain the volume of sludge in each 
digester, about 12-15 ml was collected daily from each reactor. The different sparging 
regimes used are summarised in the Table 3.5. 
 
 
Figure 3.22: Process flow schematic for sparging the digester with nitrogen and carbon 
dioxide. Three digesters were used; the sparged digester in right side operates with 
fluidic oscillator, the sparged digester in the middle operates without fluidic oscillator, 
and the digester in left side operates without sparging system 
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Table 3.5 Operational conditions applied in present study 
Number of 
stage 
Flow 
rate N2 
Time 
(min) 
Flow rate 
CO2 
Time 
(min) 
Duration 
days Periodicity  
First stage 300 12 300 3 7 1 
Second stage 300 12 300 3 10 2 
Third stage  300 12 300 3 12 3 
Forth stage 300 12 300 3 15 5 
Fifth stage 300 12 300 3 8 8 
Seven  stage 300 12 300 3 13 13 
      
 
    
Total 65  
 
The collected biogas and concentration of methane and carbon dioxide are estimated 
according to the following equation: 
                                                                              (3.21) 
Where        is total amount of methane produced from anaerobic digestion,        is 
the percentage of methane in the biogas produced before the sparging of any gas,    is 
the volume of collected biogas before the sparging of any gas,         is  the 
percentage of methane after sparging the nitrogen into the digester,     is the volume of 
biogas collected after sparging the nitrogen into digester,          is the percentage of 
methane after sparging the carbon dioxide into the digester,     is the volume of biogas 
collected after sparging the carbon dioxide into the digester. 
3.5.3 Recycling of the Biogas in Anaerobic Digestion  
Two identical lab-scale gaslift anaerobic digesters were used in this study. Each had a 
total volume of 15 litres and a working volume of 10 litres, while the remaining volume 
served as head-space. The sparging gas was biogas generated from the same digester. 
Both digesters were operated for 64 days under mesophilic conditions at a temperature 
of 35
o
C. The digesters were left unsparged to ensure that the methane production was 
the same in each digester. The sparging system operated at 1000±50 ml/min of biogas. 
Biogas produced from the digesters was collected based on the suggested method in 
present study. The concentrations of methane, carbon dioxide, and hydrogen sulphide 
were measured using a biogas analyser (Data gas analyser, Model 0518) at 1atm 
pressure. This device gives the composition of CH4, CO2 and O2 as percentages and H2S 
in ppm. The total volume of the gas in collection vessel and its composition was 
 Materials and Methods                                                                                            Chapter Three 
 
Mahmood K. H. Al-Mashhadani                                                                                                                          79 
 
measured at the same time each day (immediately before sparging of the airlift digestor) 
to calculate the daily production of each gas.  
3.5.3.1 The procedure for recycling the pure biogas as shown in Figure 3.23.  
a) Biogas produced from the gaslift digester under non-sparging conditions is 
accumulated in collector No.1. 
b) Methane, carbon dioxide and hydrogen concentrations are measured using 
the gas analyser (Data gas analyser, Model 0518), after balancing the system 
in the headspace of the collector.  
c) Acidic aqueous solution was supplied to create pressure in the collector, 
allowing recycling of the biogas back into the digester for stripping of the 
produced biogas and for mixing purposes.   
d) The biogas produced in the digester during the sparging process, was 
accumulated in collector No.2 by downward displacement of the acidified 
(0.2 M HCL, pH<4) aqueous solution. 
e) The concentrations of CH4, CO2 and H2S were measured by a biogas 
analyser at 1 atm pressure in collectors no.1 and No. 2, after balancing the 
system in the headspace of the collector. 
3.5.3.2 The procedure for recycling the diluted biogas as shown in Figure 3.24 
Recycling of the diluted biogas comprised the following steps.  
a) Biogas collected from the gaslift digester under non-sparging conditions is 
accumulated in collector No.1. 
b) Pure carbon dioxide is added to collector no.1 to reduce the concentration of 
methane to around 20%.  
c) Methane, carbon dioxide, and hydrogen sulphide concentration are 
measured using the gas analyser, after balancing the system in the 
headspace of the collector.  
d) The pressure inside the collector is increased by introducing acidified 
aqueous solution enabling the biogas to be sent to the digester for stripping 
of the biogas produced and mixing of the sludge.  
e) The biogas produced from that digester during the sparging process is 
collected in collector No.2 by downward displacement of the acidified (0.2 
M HCL, pH<4) aqueous solution. 
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f) The concentrations of CH4, CO2 and H2S are measured again using a biogas 
analyser at 1atm pressure in collectors No.1 and No.2, after balancing the 
system in the headspace of the collector. 
These experiments faced several challenges and problems, for example, the digestion 
process did not produce enough biogas to use the fluidic oscillator. This device (fluidic 
oscillator) needs a flow rate of 60-80 L/min with 5 atm pressure to generate 
microbubbles, while biogas produced by the lab-scale anaerobic digester was 
insufficient to meet this requirement. Therefore the fluidic oscillator was not used in 
this part of the study. In addition, recycling biogas to the digester also requires pressure. 
Although pressure was supplied by acidic aqueous solution as mentioned in step 2 of 
the experiment’s procedures, it was difficult to measure the amount of biogas that 
entered the digester exactly, since some of the gas remained below pressure and some 
was returned to the water tank through pumping. Therefore, some degree of calculated 
estimation was necessary to determine the amount of biogas that was entering the 
digester. The equation used for this purpose is: 
                                                          
                            
             
               
                                                                                         
Where:  
                                
                                 
                                                            
                                                                  
 
Moreover, the suspended solids in the unsparged digester became sedimented because 
the digester was operated without a mixing system for a long time. Therefore the sludge 
in that digester became more dilute than that in the other digesters as shown, in the 
Figure 3.25. 
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Figure 3.23: Process flow schematic for sparging the digester with recycling the biogas. 
Two digesters were used; the sparged digester in right side operates with recycling the 
biogas but without fluidic oscillator, and the digester in left side operates without 
sparging system 
 
 
Figure 3.24: Process flow schematic for sparging the digester with recycling the diluted 
biogas by carbon dioxide. Two digesters were used; the sparged digester in right side 
operates with recycling the diluted biogas but without fluidic oscillator, and the digester 
in left side operates without sparging system 
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Figure 3.25: Snapshot of the digesters in the experiments showing the dilution in the 
unsparged digester (light colour on left picture), while the sludge in the other digesters 
(middle and right) is thicker (dark colour) 
 
Therefore, an increase in the temperature of the sludge was observed in the unsparged 
digester, because the heat flux from the heater to the solution became faster than in 
previous days, when the sludge was thicker. This increase in the temperature caused an 
increase in biogas production. The control system was working very well, however; and 
when the change in temperature was observed, the setting on the controller was adjusted 
to ensure that all digesters were working at 35 
o
C. 
3.5.4 Using Pure Carbon Dioxide 
Two lab-scale digesters were used in the present study: a conventional digester and a 
digester provided with a ceramic diffuser to sparge the carbon dioxide with 
microbubbles generated by fluidic oscillation as shown in Figure 3.25. Both digesters 
were operated for 19 days under mesophilic conditions. The biogas was collected 
continuously before and after bubbling, while the concentrations of methane, carbon 
dioxide, and hydrogen sulphide were measured using a biogas analyser. The gaslift 
digester was sparged with carbon dioxide for 5 min to prevent a drop in the pH value.  
The flow rate used in the current experiments was 300-400 ml/min.  
 Materials and Methods                                                                                            Chapter Three 
 
Mahmood K. H. Al-Mashhadani                                                                                                                          83 
 
 
 
Figure 3.26: Process flow schematic for sparging the digester with pure carbon dioxide. 
Two digesters were used; the sparged digester in right side operates with fluidic 
oscillator, and the digester in left side operates without sparging system 
 
3.6 Materials and Methods for (Direct-contact Evaporation to 
Direct-Contact Heating as a Step to Improve Heating in a 
Biological Application) (Chapter Eight) 
 
3.6.1. Setup of the Experiments 
Direct contact heating experiments were performed in a laboratory scale bubble column 
set-up as shown in Figure 3.26. A cylindrical tank (0.14m inner diameter and 0.34m 
height) is filled with liquid, while gas bubbles are sparged from the bottom of the 
reactor through a micro porous Ceramic diffuser produced by HP Technical ceramics 
with 20µ size pores. Here, the right and left half discs are separated chambers. Due to 
buoyancy, the air bubbles rise through the water. The ceramic diffuser consists of two 
parts with a total diameter 0.1m. Each part has an inlet stream for hot air.  
 
 Materials and Methods                                                                                            Chapter Three 
 
Mahmood K. H. Al-Mashhadani                                                                                                                          84 
 
 
 
 
 
      
 
 
 
 
 
 
 
 
                             
Figure 3.27: Schematic diagram of the experimental set up 
The air was heated in an electrical oven with a total power 1000 W. The gas 
temperature was controlled by a PID controller. All the pipelines that connected the tank 
and heating system were thoroughly insulated with fibre glass to minimise heat losses. 
The air temperature was recorded in two positions; at heater outlet and outlet stream of 
the tank using thermocouples type K. Water temperature and relative humidity was 
measured continuously. The air flow rate was controlled by a flow meter.  For high air 
flow rate, 40 l/min was used with different level of water (2, 4, 8, and 12 cm) above the 
diffuser. However, experimental design (Central composite rotatable design) has used in 
the present part of the thesis to study effect of the different operational conditions on the 
liquid temperature and percentage of evaporation, which can be calculated by following 
equation:  
                
                                          
                                    
                  (3.23) 
In bioreactors, the medium is typically 90- 95% water, depending on the type of 
bioprocess. For instance, water content in sludge is around 95%, while 5% consists of 
(1) 
(1) Flow meter 
(2) Heater control system 
(3) Heater 
(4) Temp. sensor for inlet air 
(5) Bubble column 
(6) Ceramic diffuser 
(7) Temp. sensor for outlet air 
(8) Temp. sensor for water 
(9)  Relative humidity sensor 
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micro-organisms, organic matter, bio-chemicals, and suspended solids. Therefore, pure 
water was used as liquid phase, and air was taken as gas phase. The relative humidity 
(measured using a relative humidity and temperature meter, N18FR, precision GOLD, 
Humidity 0%-100% RH) is located at outlet stream. 
Effect of the variables (flow rate, height of water, time of heating) on the process 
heating and percentage of evaporation have been investigated in present experiments. In 
addition, CCRD was used to create a numerical equation that describes the entire 
process. 
3.6.2 Experimental Design used in Chapter Eight 
3.6.2.1 Central Composite Rotatable Design (CCRD) 
If a response (y) from a factorial experiment depends on a number of quantitative 
variables e.g. time, flow rate and volume, then the value for y may be expressed as a 
function of the levels of such variables, which can be written as: 
                                                                                                                    
Where   = Response surface function, u = 1, 2, ... N represents the N observations in 
the experiment, xiu = level of the i
th
 variable in the u
th
 observation, eu = experimental 
error of the u
th
 observation, k = number of x- variables i.e. xiu {i = 1,2,...k} (Cochran & 
Cox, 1992, p335).  
For a second order design, the relation between y and x variables could be approximated 
satisfactorily, within an experimental region, by the following polynomial (Fakheri et 
al, 2012). 
            
 
   
                    
 
 
   
 
   
 
   
                                                 
Where                     are the parameter of general equation   code (1, -1, 0, -
1.682, 1.682), and k is the number of variables to be studied. 
These parameters can be estimated using the following equations (Cochran & Cox, 
1992): 
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This second order equation represents a multiple linear regression. Central composite 
design (CCD) can be used to obtain the coefficients of the multiple regression that fits a 
given data and it has the advantage of significantly reducing the number of experiments 
required compared to a full factorial design (Aslan, 2007 and 2008).  
3.6.2.2 Experimental Error in CCRD 
A CCD (Central composite design) begins with a standard 2
k
 factorial design. In 
addition to the 2
k
 factorial, CCD requires an additional factor of 2k + 1, bringing the 
total number of experimental runs for a CCD design to (2
k
 + 2k + 1).  A CCD design of 
this kind requires the assumption that time trends do not change the level of response (y) 
between the first and second experiment. A CCD can be given the property of being 
rotatable in which case it is known as a central composite rotatable design (CCRD). A 
rotatable design ensures that the standard error of the model is the same at all points that 
are of equal distance from the centre of the design region (Aslan, 2007, Cochran & Cox, 
1992, p345).   
A CCRD design for any number k of x-variables requires the standard 2
k
 factorial 
points, extra 2k axial points with axial spacing (α) = 2k/4 and replicate tests at the centre 
of design region. These replicates are useful for estimating the standard error of the 
developed model.  
For three x-variables, a total number of 6 replicates are recommended at the centre 
point. Closeness in the results obtained from replicates tests are a clear indication of the 
accuracy of the results and this is what has already been obtained in this study. 
Therefore, the total number of experimental runs for a design consisting of three x-
variables is                                  . 
For CCRD, design calculations are simplified by coding each x-variable. Codification 
of variables refers to the transformation of the original or real values for x into co-
ordinates inside a scale of dimensionless values. For CCRD designs, the x- variables are 
normally coded to lie at ±1 for the factorial points, ± α for the axial points and 0 for the 
centre points.  
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4.1 Introduction  
The physical chemistry of carbon dioxide is of widespread public interest due to the 
concerns posed by increasing annual emissions and the longevity of atmospheric carbon 
dioxide. Carbon abatement programmes typically require mass transfer interfacial 
transfer of gaseous carbon dioxide for dissolution into a carrier liquid. For instance, the 
common design of a carbon capture and storage system dissolves carbon dioxide in a 
carrier liquid such as monoethanolamine (MEA) by atomization of the liquid into the 
gas stream in an absorber unit. To release the carbon dioxide, the carbon dioxide-rich 
MEA liquid is heated in a regenerator, causing the degassing of the carbon dioxide 
(Abu-Zahra et al., 2007). The speed of this process is controlled by the mass transfer 
kinetics of the interfacial transport in both processes (Clarke 1964; Jou et al., 1995). The 
energy cost depends largely on the mechanical energy of the atomization of liquid into 
droplets, and of the heat losses in the heat exchanger for degassing the carbon dioxide. 
Although MEA is a cheap solvent, there is still a substantial raw material cost in using it 
as a carrier liquid. Similar issues exist for ionic liquids in natural gas sweetening 
(Astarita et al., 1983, Bates et al. 2002).  
By comparison, water is a much cheaper carrier liquid for carbon dioxide scrubbing. Its 
use is becoming widespread in biogas scrubbing from anaerobic digesters and landfill 
sites (Ofori-Boateng and Kwofie, 2009), typically with large water scrubbing towers to 
enhance the phase contacting. Water has a lower carbon dioxide solubility than MEA, 
hence also a much lower driving force for mass transfer in dissolving carbon dioxide 
and in degassing in the thermal regeneration phase. So as a carrier liquid for CCS, it has 
distinct disadvantages to MEA (Weiss, 1974). With the same processing methodology, 
it will take more water to scrub the carbon dioxide from the gas stream and more heat to 
regenerate it due to the slower kinetics. Biogas sweetening does not require a 
regeneration step necessarily if the water supply is cheap. Reduction of the water 
requirement is massively reduced by reactive dissolution (Caldeira and Rau, 2000, 
Gunter et al., 1993), whereby acid-base reaction is fast, and it is expected that mass 
transfer of the carbon dioxide gas is the rate limiting step. 
Clearly, for dissolution and regeneration using water as the carbon dioxide carrier liquid 
to be viable, energy efficiency of mass transfer would have to be comparable to that of 
MEA. Since mass transfer is crucially dependent on the interfacial surface area, one 
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would have to improve on the surface area per unit volume of atomization of liquid 
droplets. Atomization can routinely generate microdroplets with less than 50 μm 
diameter (Hartman, et al., 2000), so it would be very difficult to increase on the surface 
to volume ratio significantly. The major difficulty with atomization is that it is achieved 
by flowing liquid, which has approximately a thousand-fold density ratio to gases. So if 
improvement on the energy efficiency of dissolution and degassing are going to be 
achieved, it would be with microbubbles of similar surface to volume ratio, but radically 
different energy cost of generation. Recently, such a microbubble generation approach 
has been developed (Zimmerman et al 2008 and 2011(a)), exploiting the ability of no-
moving-part fluidic oscillators (Tesar et al, 2006) to produce short sharp bursts, with 
packets of gas that shoot out of apertures like “bullets”. So far, the methodology has 
been reported to achieve clouds of fairly uniformly spaced and sized microbubbles as 
small as an average diameter of 28 μm from 20 μm pores in a metallic membrane 
(Zimmerman et al. 2011(a)). Measurements of power consumption show an 18% 
reduction of electricity over that of steady flow with the same volumetric flow rate. As 
multiple small bubbles are produced in the same time period as a conventional larger 
bubble, which spreads out and slowly detaches from the same aperture with steady flow, 
it is clear that the inertia of the small bubbles is preserved, whereas the conventional 
large bubbles are much more dissipative, accounting for the improved energy efficiency 
of the microbubble generation by the fluidic oscillation mechanism. 
Clearly, energy efficient microbubble generation is a significant competitor to 
microdroplet atomization on the level of surface area per unit volume achievable, but 
with a much lower pumping cost. Whether or not microbubbles alone are sufficient for 
the gas exchanges in dissolution and degassing (dosing and stripping) as a carbon 
dioxide carrier fluid depends on transfer rates and driving forces, as well as the mixing 
and contacting time. Achieving mixing with microbubbles has proven to be an almost 
“cost free” bonus. An airlift loop bioreactor (Figure 4.1), implemented at the lab scale 
with 250 L volume (Zimmerman et al. 2009) and at the pilot scale (2200 L) 
(Zimmerman et al., 2011(b)), has been designed for and tested on the growth of algal 
biomass. The true cost of insertion of the internal baffle which creates the airlift loop 
and makes the draft tube effect possible is the additional friction loss on the rise of the 
bubbles in the riser region. The upshot of this slower average rise rate is that the contact 
time of the microbubbles is somewhat longer, permitting a closer approach to 
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equilibrium mass transfer before the bubble bursts. The strength of the recirculation 
flow induced in the airlift loop bioreactor increases with decreasing bubble size, hence 
so does the rate of mixing. The feature suggests that microbubbles generated by fluidic 
oscillation can provide efficient mixing at low energy cost, since the bubble must rise 
and can be injected at lower cost than conventional fine bubbles, and hence be 
introduced for mixing in systems that have never been sparged before. 
 
Figure 4.1: Use of energy efficient microbubbles to generate airlift loop effect, suspension of 
algae by flotation, and gas exchange—CO2 dosing and O2 stripping. The operating regions of 
the flow structure induced by the microbubble rise and liquid released by the bursting of the 
bubbles causes the downcomer flow. The fluidic oscillator is external to the device. The “draft 
tube” effect produces mixing because the microbubble cloud drags a significant amount of 
liquid with it—due to all the surface area—and as the bubbles spread out across the top surface, 
the liquid is released when the bubbles burst. In the downcomer region, there are practically no 
bubbles, so it is solely a liquid flow (Zimmerman et al. 2011). 
 
The purpose of this study was to explore, both experimentally and with computational 
modeling, the hypothesis that microbubbles not only accelerate the rate of carbon 
dioxide dissolution, but also the rate of carbon dioxide removal under the stripping 
conditions where the carrier gas has initially practically no carbon dioxide content, in 
the airlift loop configuration. It is possible conjecture that given the strength of the 
solubility of carbon dioxide in comparison to other gases, particularly O2 which is 
commonly dosed in aeration systems, microbubbles are required to strip carbon dioxide. 
The typical experience is that carbon dioxide can be dosed into, for instance, algal 
bioreactors, faster than metabolic uptake, hence is not a major obstacle in biomass 
production. The energy efficiency offered by fluidic oscillator microbubble dosing may 
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be secondary to the mixing effects and suspension of the algae, which also influence 
vitality positively. The surprising result from the airlift loop bioreactors was the 
stripping of O2 from the liquid media, as attested by the inlet and outlet gas traces. 
Without the O2 inhibition, super exponential biomass growth was observed in the pilot 
scale trial. Because microbubbles were never used before in algal bioreactors, this 
increased vitality was more attributable to the O2 stripping than the more rapid carbon 
dioxide dosing. Since O2 is soluble up to 10-12 mg/L in aeration, and much higher with 
pure O2 dosing as is done by algal secretions, stripping of O2 should require the greater 
surface area per unit volume possible with microbubbles but not with other gas 
exchange systems, let alone natural diffusion or modest mixing with small paddle 
wheels, for instance. 
In this Chapter, we test the analogous conjecture that stripping carbon dioxide requires 
microbubble levels of surface area to volume ratios for effectiveness. Although 
motivated in terms of carbon capture systems, the target has other applications as well. 
For instance, oxygenation in aquaculture is a relatively mature technology with well-
established operational principles, techniques, and equipment. Carbon dioxide control 
has become an important issue only recently as aquaculture operations have intensified, 
and the technology is still evolving (Summerfelt et al., 2000). Section 2 presents the 
experimental program from a lab bench-scale airlift loop bioreactor (15 L), purpose-
built to visualize microbubble dynamics from a well-distributed cloud injected from an 
external fluidic oscillator. Section 3 presents numerical simulation of the target system 
using a bubbly flow model adapted for microbubble clouds that are uniformly 
distributed, nearly monodispersed, and hence noncoalescent, in order to compare with 
experimental observations of the flow structure and carbon dioxide  mass transfer rates. 
Discussion is presented within each section. Conclusions are drawn in section 4. 
4.2 Experiments for Mass Transfer of Carbon Dioxide with 
Microbubbles. 
4.2.1 Physical Chemistry of Carbon Dioxide Gas Exchange. 
 One of the most powerful design tools in the chemical engineer’s arsenal is reactive 
separation, which restates Le Chatelier’s principle in terms of simultaneous reaction and 
separation. The Gibbs free energy of a binary reaction with two products in the gaseous 
phase is illustrated in chapter two (equation 2.10 and 2.11).  
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Clearly, removal of products decreases the denominator in equation (2.11) with the 
accompanying decrease in the Gibbs free energy of reaction. This removal of products 
has the effect of driving the reaction in the direction of greater product formation, but is 
essentially an entropic effect. Replacing the removed products increases the entropy of 
the product-depleted state, which is why this effect becomes more important at higher 
temperature as entropy creation then dominates the standard Gibbs free energy of 
reaction. This principle applies equally well for equilibrium reactions in biochemistry 
(Gary, 2004). 
For instance, the production of biohydrogen from glucose has been the subject of 
considerable investigation for the efficacy of gaseous product removal (Tanisho, et al. 
1998,  Park et al. 2005, Alshiyab, at al. 2008). 
4.2.2. Absorption of Carbon Dioxide in the Water.  
In bioreactors, the medium is typically 90
_
95% water, depending on the type of 
bioprocess. For instance, water content in sludge is around 95%, while 5% consists of 
micro-organisms, organic matter, biochemicals, and suspended solids. Produced carbon 
dioxide reacts with water to produce carbonic acid. 
                                                                                                                          
                                                                                                            
Kinetically, the conversion to carbonic acid is very slow, with just 0.2% of CO2 
converting to carbonic acid and its ions, while 99.8% of the CO2 remains as a dissolved 
gas, as shown by the association equilibrium constraint 
                                                  
       
         
                                                                                
Carbonic is a diprotic acid, thus it contains two hydrogen atoms ionizable in water and 
dissociates into bicarbonate and carbonate ions: 
 
                                     
                                                                           
                                            
     
                                                                (4.5) 
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4.2.3. Relationship between pH and Dissolved Carbon Dioxide.  
Clearly, it is possible to infer the dissolved carbon dioxide concentration from the pH 
presuming equilibrium and a well mixed system. The equilibrium constraint for each 
dissociation reaction 4.4 and 4.5 is 
                                                    
     
       
       
                                                                      
                                                      
    
       
     
  
                                                                       
Electroneutrality imposes another constraint  
                                                       
        
                                                
As does the dissociation reaction of water to hydrogen and hydroxide ions and the 
association reaction of CO2. These five equations and the definition of pH relate the six 
unknowns [H
+
], [OH
-
], [HCO3
-
], [H2CO3], [CO3
2-
], [CO2(aq)], through a set of readily 
solvable nonlinear algebraic equations in standard packages such as Mathematic. Hence, 
all species concentrations, including our target dissolved carbon dioxide as shown 
below, can be inferred from pH measurement. 
                                                                                                                               
                                                                                                                                 
Therefore, the relationships between pH and dissolved carbon dioxide and its ions will 
be as following: 
                              
                
     
     
 
         
              
                                                            (4.11) 
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4.2.4. Thin Film Theory of Mass Transfer Coefficients. 
Liquid-gas film theory for mass transfer coefficients is well documented (Bailey and 
Ollis 1986), for the canonical situation as shown in Figure 4.2. In general, the mass 
transfer rate is proportional to the concentration driving force (the difference between 
two concentrations, say    and   ) at the interface and interfacial area. 
                                                                                                                                                                         
 
 
 
 
                                               
 
 
 
                             Figure 4.2: Interfacial dynamics of mass transfer for gas exchange 
 
From the mathematical relationships between liquid
 
- gas phases and direction of mass 
transfer flux   , it is possible to posit the following equations: 
                                                                                                                              
Where CL is the concentration of the dissolved gas in the bulk liquid phase, and CE is 
the concentration that is in equilibrium with the initial bubbles gas concentration. This 
is often called the saturation concentration, but that commonly refers to the equilibrium 
concentration of the dissolved gas with its concentration in the header space. As our 
carrier gas and header space compositions are substantially different, the distinction is 
worth making. 
                                            
   
  
                                                                                   
 
Flux NA 
Liquid phase Gas phase 
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Integration gives the mass transfer coefficient explicitly 
                                                  
 
 
   
     
  
    
                                                                    
  
  is the initial concentration of the dissolved gas in the liquid. The usual technique for 
determining     is graphical with a semi-log plot, yielding it through the slope of the 
supposed straight line. As traditionally helpful a concept as this semilog plot has 
proven, with microbubbles, the approach has been demonstrated to be inherently flawed 
(Bredwell and Worden 1998; Worden and Bredwell and 1998). Microbubbles have a 
small, finite capacity of excess gas that they carry, hence the large surface area per unit 
volume depletes this capacity down to the equilibrium level far more rapidly than coarse 
bubbles (diameter 10 mm) or fine bubbles (diameter 1
_
2 mm). Microbubble mass 
transfer is inherently transient as the excess gas concentration in the bubble phase must 
also be accounted for, rather than treated as a pseudosteady, infinite reservoir. In the 
semilog graphical approach, the slope varies with time, hence the inferred     is not a 
constant. If an effective, time averaged     is employed, it is merely a convenient 
comparator, rather than the theoretical    , which must be determined following more 
precise inference (Bredwell and Worden 1998; Worden and Bredwell and 1998). 
Figure 4.3 shows the microbubble generator used in these experiments, based on the 
fluidic  oscillator  approach (Zimmerman et al., 2008 and 2011 (a)). The investigation  
               
Figure 4.3: Microbubble cloud generated from a two-chamber microporous ceramic 
diffuser with fluidic oscillation leading to a more uniform bubble size distribution and 
spatially regular bubble separation. 
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seeks to determine the effective mass transfer coefficients for microbubbles in the near 
millimeter range from this diffuser in comparison with fine bubbles, for the case of 
dosing and stripping carbon dioxide. In this regime, the traditional semilog slope 
approach could be expected to be a good estimator, particularly at high volumetric flow 
rates and bubble phase gas holdup, where the bubble phase still has a substantial non-
equilibrium excess gas. 
4.2.5 Bubble Analysis 
This study includes analysis of bubble sizes in different diffusers (Nickel and ceramic 
diffuser) using water as a liquid and air as a gas with flow rate 300 ml/min. The study 
was achieved using a high speed camera. The reactor used in the experiments was 
cylindrical in shape in order to increase efficiency of mixing; however, it was difficult 
to measure bubble size in the cylinder because it gives an image bigger than reality. 
Therefore, the cylindrical reactor was replaced with a rectangular reactor. Measuring of 
bubble size was carried out by image analysis software, which gives the area of the 
bubbles with two dimensions.  
Figure 4.4 shows the bubble size distribution using the nickel diffuser and air flow rate 
of 300 ml/min. The average bubble diameter was around 1300 µm. It can be noticed that 
the bubbles diameter with range 1000-2200 µm have higher relative frequency than 
other. It can be seen that about 85% of the bubbles were in the range 1000-2600 µm, 
while only 15% was for bubbles that had a diameter less than 1000 µm. This means that 
the majority of fine bubbles had a diameter between 1000 µm and 2200 µm. 
  
                 Figure 4.4: Bubble size distribution using nickel diffuser  
0.00 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
R
el
at
iv
e 
F
re
q
u
en
cy
 
Bubble diameter (µm) 
CO2 Mass Transfer Induced Through an Airlift Loop                                               Chapter Four 
 
Mahmood K. H. Al-Mashhadani                                                                                                                          97 
 
Study of distributed size analysis for micro-bubbles was achieved using a ceramic 
diffuser and fluidic oscillator (Zimmerman et al, 2009) with same air flow rate (300 
ml/min). Figure 4.5 shows the micro-bubbles diameter distribution. An image 
containing more that 130 bubbles was analysed. The average diameter of these bubbles 
was 550 µm. The micro-bubbles with diameter 400-500 µm have relative frequency of 
0.37 higher than other diameter. The lowest relative frequency was in the range 0-400 
µm of bubble diameter. It can be seen that the range 400-600 µm was more dominant 
than any other as shown in this figure with about 60%. 
      
Figure 4.5: Bubble size distribution using ceramic diffuser 
Finally the analysis gave a clear idea about the dominant sizes in the process and 
average diameter for micro-bubbles and fine bubbles using different diffusers but with 
the same flow rate. 
4.2.6 Results and Discussion  
The results in current study were obtained according to the materials and methodology 
that has been explained in section 3.2 of chapter three. The effect of bubble size on 
dissolution rate of carbon dioxide was investigated through a series of tests using the 
relationship between dissolved carbon dioxide and pH derived earlier. Figure 4.6 shows 
the effect of dissolved carbon dioxide on the pH value of water.  
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Figure 4.6: Response of pH during bubbling of carbon dioxide into water with fine 
bubbles (1.3 mm diameter). 
 
It shows a rapid decline of pH value until it reaches the solubility limit. The pH of the 
initial water was close to 7. A time of 6 min is enough to drop the pH value from 7 to 
4.5 for 8.3 L of water. Similarly, Figure 4.7 shows the response curve for stripping out 
fully saturated carbon dioxide in water by sparging with pure N2. It is clear by 
comparison that the stripping time is substantially longer than the dosing time. 
      
Figure 4.7:  Response of pH with time during stripping of carbon dioxide by sparging 
with pure N2 with fine bubbles (1.3 mm diameter). 
This is illustrated clearly in Figure 4.8, where the concentration which combines both 
experiments with computed dissolved carbon dioxide concentration.  
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Figure 4.8: Concentration time profile of carbon dioxide in both dissolution and 
removal processes for fine bubbles and microbubbles. 
The common assumption that it is much harder to strip dissolved carbon dioxide than 
dose it is borne out in this study. The behaviour of both response profiles is qualitatively 
the same with fine bubbles (c. 1.3 mm diameter) and the microbubbles studied here, 
with 550 µm diameter. 
Figure 4.9 demonstrates that the comparison achieves precisely the expected increase in 
mass transfer with microbubbles, or does it? The expected increase should follow 
equation 4.18 if thin film theory holds, which requires a reduced coordinate graph as in 
Figure 4.10.  
 
Figure 4.9: Response of pH with time during stripping of CO2 by sparging with pure N2 
for both microbubbles (550 μm) and fine bubbles (1.3 mm diameter). 
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The best fit lines in Figure 4.10 lends confidence to the assumption that thin film theory 
holds with the canonical assumption of a pseudosteady reservoir in the bubble of the 
solute being transferred. 
The average slope captures the overall behaviour of the response curve well. The 
canonical estimate of overall mass transfer coefficient (   ) of carbon dioxide has been 
estimated 0.092 min
-1
 for microbubbles size of 550 μm compared with 0.0712 min-1 for 
fine bubble sparging. It is observed that the efficiency of carbon dioxide removal has 
increased up about 29% by microbubble sparging compared with fine bubble sparging. 
This exercise was chosen to illustrate that microbubbles that are only slightly 
submillimeter in diameter are still well analyzed by canonical thin film theory. Worden 
and co-workers (1998(a) and 1998 (b)) studied substantially smaller microbubbles, and 
found that the mass transfer response was inherently transient. 
  
            
Figure 4.10: Canonical thin film theory semilog plot for determining     by the slope 
of the supposed line. 
 
The rationale for the transient response is that the transfer is sufficiently fast so that the 
internal gas concentration of carbon dioxide in the microbubble is reduced, therefore 
reducing the nonequilibrium driving force. Eventually, if the bubble composition is in 
equilibrium with the bulk liquid concentration, the driving force for mass transfer 
vanishes. If the system were not well mixed due to the airlift loop effect, the conclusion 
would be that bubbles in this size range are either too large for the increased mass 
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transfer rate to diminish the internal bubble carbon dioxide gas composition, or that the 
layer height is too low to have sufficient contact time for this to occur. However, as the 
airlift loop does achieve very good internal mixing, the bulk concentration is nearly 
uniform for dissolved carbon dioxide; hence whether the rising bubble has achieved 
equilibrium by diminishing the internal carbon dioxide gas composition cannot be 
assessed from bulk measurements. That assessment can only come from changing the 
liquid layer height or from computational modeling with concentration bubble phase 
profiles averaged horizontally only. 
 
4.3. Computational Modeling of Carbon Dioxide Dissolution 
in a Batch Airlift Loop Mixer 
 
In the development of their essentially transient thin film theory, Worden and Bredwell, 
1998(a) and 1998(b), developed a computational model, which is difficult to implement 
for spatially distributed systems. Our target system, the airlift loop bioreactor (Figure 
4.1) has demonstrated some remarkable properties in the production of algal biomass 
(Zimmerman et al. 2011), which contributed to super exponential growth that was 
essentially free of O2 inhibition by stripping. The suspension of algae which parades 
about the lighted surfaces was certainly instrumental in achieving high survivability (no 
observed dead algae) and regular photosynthesis. These are attributes of the airlift loop 
effect, which as discussed earlier provides “mixing for free.” Given that the mass 
transfer of carbon dioxide dissolution and stripping has been demonstrated to be 
intrinsically transient, the modeling of either process in an airlift loop mixer/bioreactor 
is necessarily transient too. There are two common modeling scenarios to consider: (i) 
steady state fluid dynamics where the draft tube effect mixing has been set up by a 
practically insoluble gas, such as N2, but where at time t = 0 the gas supply is switched 
to the carbon dioxide rich stream; (ii) fully transient fluid dynamics, where the liquid in 
the vessel is initially at rest, and the carbon dioxide rich microbubble stream is 
introduced at time t = 0. 
Scenario ii is represents the idealization of the experiments conducted in the previous 
section and so is the appropriate target for model development here. Scenario i is 
appropriate for intermediate dosing in a system in which microbubbles are regularly 
used for mixing and intermittently used for dosing of nutrients or stripping of product. 
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4.3.1. Chemical Kinetics Model  
The kinetics of dissolution, association, and dissociation of reactants can be modeled in 
two different ways. It is commonly adopted that fast kinetic reactions are treated as in 
pseudoequilibrium. This has the effect that the resulting differential-algebraic system is 
very difficult to treat algorithmically. Mchedlov-Petrossyan and co-workers (2003(a), 
2003(b) and 2007) have demonstrated a differential coordinate transform that reduces 
the differential-algebraic system arising in well-mixed or dispersed heterogeneous 
reactions to a differential equation system in the new coordinates, thereby removing the 
difficulty in efficient numerical analysis. As this transformation must be analyzed for 
each differential-algebraic system individually, generalization is problematic.  
Cao and co-workers, 2002, developed a generic differential-algebraic solver which does 
not require analysis of the specific dynamics for adaptation. To our knowledge, the 
Petzold DAE solver (Cao et al. 2002) is only commercially available in Comsol 
Multiphysics, which is used in the computational modeling presented here. The 
alternative to the assumption of pseudoequilibrium implemented as algebraic constraints 
is to model the transient kinetics of the chemical reactions with the effects of both 
forward and reverse reactions explicitly accounting for accumulation. It follows that the 
system of equations is fully evolutionary-all differential and no algebraic constraints. 
Such evolutionary equations are treatable by ordinary numerical analysis, but, if the 
pseudoequilibrium approximation was justifiable, suffer from a different numerical 
analysis pathology-stiffness. A stiff system has a large time scale separation between 
slow processes of interest (mass transfer in our case) and rapid processes (dissociation 
reactions or acid-base chemistry, for instance). The latter processes may rapidly 
equilibrate, but the solution of the system dynamics is limited by the resolution of the 
shortest time scale process. Large time steps are simply not possible to accurately 
resolve in the fast time scale dynamics. Stiff systems can be treated so that the fast time 
scale dynamics are effectively ignored (Shampine and Gear, 1979) by stiff solvers, but 
this is problematic if the fast time scales dynamics manifest as fundamental changes to 
the slow time dynamics.  
The canonical example of this is the Kapitsa pendulum, which is rapidly oscillated and 
the fast time scale oscillations actually stabilize the pendulum standing upside down. In 
this system, the fast kinetics of the reverse reactions create the rapid equilibration and 
hence either the differential-algebraic or stiff system pathologies inherently. Given that 
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it is our intention to extend the modeling work eventually to acid-alkali rapid kinetics; it 
is strategically ill-advised to adopt the differential-algebraic numerical analysis when 
the next stage of development requires resolving the transient dynamics. Whether or not 
the stiff system approximate methods (Shampine and Gear, 1979) provide an accurate 
solution in either the current dissolution model, or future rapid acid-alkali chemistry 
models, can only be addressed by comparison with the fully time-resolved model. 
Hence there is little point in starting with a stiff system numerical analysis. 
Table 4.1 makes clear that the dynamics of carbonate and bicarbonate ions are 
practically an irrelevance with regards to the dissolution of carbon dioxide. This is 
evident from our experimental results (for instance Figure 4.11). 
 
Table 4.1: Reactions modelled in dissolution, dissociation, and association reactions for 
CO2 aqueous chemistry, at room temperature and atmospheric pressure 
 
 
 
The kinetics of this system can be studied independently of the mass transfer and 
mixing dynamics-essentially the continuously stirred tank reactor-which determines that 
the time scale for equilibration is faster than 10
-5
 s, the smallest time step practically 
meaningful in the numerical integration of a system with macroscopic changes 6 orders 
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of magnitude slower, that we were prepared to simulate from the initial conditions of 
Table 4.2. 
 
Figure 4.11: Mole fraction of ionic and dissolved species inferred from pH 
measurements for dissolution of carbon dioxide with fine bubbles. 
 
The carbonate ion formation, with such a small equilibrium coefficient, could not be 
practically treated as anything but a differential algebraic constraint, if at all. With such 
a small mole fraction, it can be estimated parametrically from the other variables 
without being back-coupled to their dynamic changes. Including it, however, is essential 
to the planned application to mineralization chemistry. 
4.3.2. Dilute Species Chemical Transport Model 
The equations of mass transport and distributed reaction are well-established for dilute 
systems with single component Fickian diffusion. For species i with concentration ci, 
the convective-diffusion-reaction mass transport equation take the classical form: 
                                         
   
  
                                                                                
Where Ri is the reaction rate term using the mass action kinetics of the elemental 
reactions with coefficients from Table 4.1. The bicarbonate dissociation term (last 
reaction, Table 4.1) is treated artificially with a Kr = 1 and Kf = Keq which will rapidly 
equilibrate to an insignificant carbonate concentration as indicated by the equilibrium 
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coefficient anyway. Table (4.2) gives the initial, uniform concentrations in the liquid for 
ci. Table (4.3) catalogues the diffusion coefficients Di and references for their values in 
dilute aqueous solution. 
Table 4.2: Initial species conditions for the kinetics only (CSTR) and distributed system 
model 
 
Species Initial concentration (mol/m
3
) 
CO2 0 
H2O 55600 
H2CO3 0 
H
+
 1e-7 
OH
-
 1e-7 
HCO3
-
 0 
CO3
2-
 0 
 
Table 4.3: Diffusion coefficients for the six species treated in the computational model 
 
Diffusivity Coefficient Value Unit Reference 
CO2 1.97e-9 m
2
/s Frank et al. 1996 
H2CO3 1.3e-9 m
2
/s Nesic et al. 1996 
HCO3
-
 9.23e-10 m
2
/s Gupta et al. 2006 
CO3
2-
 1.19e-9 m
2
/s Gupta et al. 2006 
H
-
 9.31e-9 m
2
/s Nesic et al. 1996 
OH
+
 5.3e-9 m
2
/s Polle and Jung, 1989 
 
 
4.3.3. Laminar Bubbly Flow Model 
 In two-fluid modeling, both the bulk liquid and bubble phase are treated as 
interpenetration continuum media, which is preferable in process modelling and applied 
research because of its computational convenience. In the model, constitutive equations 
describing the fluid stresses are treated fundamentally, with the exception of the 
exchange momentum terms, which assume that the drag on the bubble phase removes 
momentum from the bulk liquid and transfers it to the bubble phase (Crowe et al. 1989). 
The drag law (or slip velocity) explicitly depends on the average bubble size, presuming 
that the distribution of bubble sizes is a secondary and negligible effect. In the case of 
the microbubble clouds generated with fluidic oscillation, the nearly uniform spacing 
and monodispersity of the bubble size should render this an excellent approximation. 
In this chapter, we have used the laminar bubbly flow interface of Comsol Multiphysics, 
which permits the expression of the slip velocity through the slip velocity Hadamard-
Rybczynski method, which is appropriate for bubbles of all sizes, but corrects the 
significant error from the older Stoke’s drag law for microbubbles smaller than 100 μm 
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(Parkinson et al. 2008).
 
The two-fluid model for bubbly flow is appropriate for a dilute 
bubble phase, less than 10% by volume fraction, as it assumes that the flow field is 
solenoidal; that is, the density of the gas is negligible in comparison to that of the liquid, 
and the system’s density as a whole remains constant. The other major assumption is 
that the two phases share the same mechanical pressure field. 
Based on these assumptions, the sum of the momentum equations for the two phases 
gives a momentum equation for the liquid velocity, a continuity equation, and a 
transport equation for the volume fraction of the gas phase (Sokolichin et al. 2004). The 
liquid phase momentum equation is given by 
    
   
  
                                                                                    
Where    is the velocity field for the liquid phase,    is the liquid volumetric phase 
fraction, and    and    are the phase density and viscosity, respectively. F represents the 
net forces for phase momentum exchange. Owing to the dilute bubble phase fraction, 
both fluids are nearly incompressible to good approximation, hence 
                                                                                                                                           
The velocity difference between the two fluids is defined as the slip velocity: 
 
                                                                                                                                     
The slip velocity is computed via the drag force on the bubble phase: 
                                            
   
   
                                                                                   
Where    is the Hadamard drag coefficient of a bubble of diameter db. The model 
computes the solution to the field variables         ,   , and P, and infers the 
effective gas phase density from 
                                                             
 
  
                                                                     
From which it is a simple matter to infer the bubble phase fraction 
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to complete the description of the field variables. The laminar bubbly flow model can be 
extended to nondilute systems by explicitly computing the compressibility effects on the 
momentum equations and the continuity equation, as well as keeping track of solubility 
effects from mass transfer changing the phase densities. 
The mass transfer rate from liquid to gas is computed using two-film theory (Bailey, J. 
E.; Ollis, 1986):
 
                                                     
                                                                      
Where      is a mass transfer rate in gas-liquid system,     is the overall mass transfer 
coefficient and   is the molecular weight of species transferred across the interface 
(same as equation     ),    represents the equilibrium concentration while C represents 
instantaneous concentration of species transferred. 
On reactor walls and draft tube, no slip BCs were used for the liquid phase while “no 
gas flux” BCs were used for the gas phase. 
                                                                                                                              
For the diffuser bubbling surface, no slip BCs were used for liquid with “gas flux” BCs 
for gas. 
                                             
 
                                                                                    
At the top liquid surface, “gas outlet” boundary conditions were used. These BCs imply 
gas leaving the reactor at ug with no other constraint at the boundary. For the liquid 
phase, slip boundary conditions were used. 
                                                                                                                                           
At the low gas flow rates used in this study, it is not clear whether the flow becomes 
turbulent or not. A preliminary study was carried out with turbulent flow to compute the 
flow field. To alleviate convergence issues at low Reynolds numbers, the model was 
first solved with laminar flow until sufficiently high liquid flows were reached. Then 
the model equations were substituted to a k-epsilon turbulent flow with last solution as 
an initial guess. Reynolds number calculated from the flow field hardly exceeded 2500. 
It should also be mentioned that visual inspection of rising microbubbles indicated a 
highly ordered flow. With above justification, we assumed the flow to be laminar for 
the rest of our study. 
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The mass transfer coefficients measured in our experiments were used as inputs to the 
computational model to account for mass transfer. The enhancement of mass transfer 
with microbubbles suggested by     values will be reflected in carbon dioxide 
concentration plots later (Figures 4.19 and 4.20).  
4.3.4 Results and Discussion: Computational Study 
One of the key features of an airlift-loop bioreactor is global mixing induced by its draft 
tube and bubbles rising in the aerated region. Designing such a reactor requires careful 
consideration of the flow patterns within the reactor to optimize mixing while fulfilling 
the purpose for which it is built. The reactor used in this study was designed to process 
sludge in future experiments; hence a dead volume exists below the diffusers. Velocity 
fields for the computational domain with time are shown in Figure 4.12.  
          
Figure 4.12: Velocity profiles in the reactor predicted by the CFD model. Velocity 
magnitude of the liquid phase is shown by the greyscale, while streamlines depict fluid 
structure. Simulation times are 50, 60, 70, 80, 90, 100, 110, and 120 s from top left. The 
flow structure is apparently transient, from observation of the animation, with the first 
and last frame practically periodically reproduced. 
The computational domain was created considering axial symmetry of the reactor to 
reduce computer resources required to carry out the work. Maximum velocity is 
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observed at the center of the riser region as expected. A main liquid recirculation loop is 
generated by the rising bubbles around the suspended baffle promoting vertical mixing. 
The flow spreads at the top surface reducing the liquid velocity above the baffle, while 
liquid returning via the down-comer region rejoins through the gap between the baffle 
and the diffuser. 
Vortices are created at several points within the reactor where flow turns around solid 
boundaries. Figure 4.13 shows a cross-sectional plot of liquid velocity across the 
midbaffle region. Figures 4.12 and 4.13 confirm that the main vortex is in the riser 
region closer to the baffle. The vortex formed on top of the baffle to the down-comer 
region cause the downward liquid flow to attach to the bottom half of the baffle from 
outside. This behaviour causes another vortex to form in the mid-downcomer region 
closer to the outer wall. Study of vortex positions with time suggests that this vortex 
moves downward into the dead space below the diffuser periodically. Lateral and 
vertical movement of vortices demonstrated by both Figures 4.12 and 4.13 suggest good 
overall mixing within the reactor.  
            
 
Figure 4.13: Horizontal profile of velocity across the reactor 12 cm below the water 
level is shown. 
However, it can be clearly seen that the region below the diffuser is poorly mixed due to 
flow separation. In addition to enhancement of mass transfer, microbubbles cause 
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significantly stronger liquid recirculation compared to larger bubbles at the same flow 
rate. This is due to higher drag force imparted by rising bubbles on the liquid contents. 
Mass flux of liquid rising in the aerated region of the reactor is shown in Figure (3.14). 
For computations presented in this Study, a fixed gas mass flux of 0.0012 kg m
-2
 s
-1
 was 
used as the gas inlet boundary condition to match our experiments. Even though 
microbubbles have lower rise velocities, liquid velocity reaches its average in 
approximately 3s with microbubbles compared to 9s for fine bubbles. According to 
Figure (4.14), mass flux in the riser region for the microbubble aerated case is almost 
twice that of the fine bubble aerated case. This not only increases mass transfer 
coefficients, but also helps suspension of biological matter and good mixing. This effect 
will be further investigated experimentally using particle image velocimetry (PIV) in a 
future study. One of the key objectives in modelling here is to investigate the effect of 
microbubbles on removal of dissolved carbon dioxide by nitrogen bubbling.  
              
 
Figure 4.14 Mass flux of liquid rising in the riser region of the reactor for microbubble 
and fine bubble aeration 
 
Average bubble size calculated from measured bubble size distribution was used in the 
model, that is, microbubbles with diameter 550 µm and fine bubbles with diameter 1300 
µm. Since most of the carbon dioxide exists as dissolved carbon dioxide, removal rate is 
least affected by the chemical reactions mentioned previously. However, all reactions 
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were included for completeness and for future use with impurities that consume 
dissolved carbon dioxide to form other products. Plots of concentration of dissolved 
carbon dioxide within the computational domain are presented in Figure 4.15. Carbon 
dioxide transferred in the aerated region is carried around the top part of the reactor via 
the main flow recirculation loop. 
Convection currents change their path due to vortices; hence mixing improves. The 
bottom part of the reactor below the diffuser is badly mixed and separated by a 
stationary vortex. Diffusion alone is far too slow to raise the carbon dioxide 
concentrations in the bottom part of the reactor to match that of the upper section. 
       
 
Figure 4.15: Dissolved carbon dioxide concentration in the liquid phase predicted by the 
CFD model. Concentration is shown by greyscale and streamlines depict flow currents. 
Simulation times are 50, 60, 70, 80, 90, 100, 110, and 120 s from top left. 
 
Figures 4.16 and 4.17 show change in dissolved carbon dioxide concentration in the 
riser region for microbubbles and fine bubbles. The model was solved for 2 min of the 
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process with initial carbon dioxide concentrations at 2mol/m
3
 and 8 mol/m
3
 for both 
microbubbles and fine bubbles. As demonstrated by both Figures 4.16 and 4.17, 
microbubbles show greater performance due to enhanced removal rate. Figure 4.17 
shows a higher mass transfer rate compared to that of Figure 4.16 due to larger 
concentration driving force. 
The removal rates predicted by the model are considerably lower compared to 
experimentally measured values for all cases, but within an order of magnitude.  Mass 
transfer for the model was defined using classical thin film theory. Overall mass transfer 
coefficients measured in our experiments were used with interfacial areas calculated 
from the model to account for carbon dioxide removal. Worden and Bredwell (1998) 
discuss change in instantaneous mass transfer coefficient with time. Bubbles shrink as 
they rise due to mass transfer from gas to liquid. This will improve mass transfer 
coefficients as surface to volume ratio and Laplace pressure increases. However, they 
concluded that the average mass transfer coefficients are sufficient to define mass 
transfer from microbubbles. Current study, carbon dioxide is stripped from the liquid by 
gas so that bubbles are expected to increase in diameter. 
 
Figure 4.16: Dissolved carbon dioxide concentration in the reactor during nitrogen 
bubbling predicted by the computational model. Initial concentration of carbon dioxide 
was taken as 8 mole/m3. 
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Figure 4.17:  Dissolved carbon dioxide concentration in the reactor during nitrogen 
bubbling predicted by the computational model. Initial concentration of CO2 was taken 
as 2 mole/m
3
. 
In contrast to dissolution of a gas, this suggests that the instantaneous mass transfer 
coefficient should decrease with time. Here our assumption of suitability of the overall 
mass transfer coefficient is questionable as experiments deviate from model predictions, 
although the trends match direction. This begs the question whether one can confidently 
estimate the overall mass transfer coefficient for a microbubble-aerated process using 
conventional methods used for larger bubbles. It should be noted that there is no 
universally accepted model for the bursting of bubbles at the gas-liquid interface, so that 
the actual mass and momentum exchange could be substantially different from the 
idealized assumptions commonly made, leading to higher transfer and mixing rates. 
Another issue that needs to be mentioned is the flow regime within the reactor. For a 
given reactor at certain operating conditions, some sections of the reactor may undergo 
turbulent flow such as the bubble riser column. The spreading and bursting of bubbles at 
the gas-liquid surface of the vessel is visually more rapid than their rise and much more 
disordered. However, other parts of the reactor may still remain in the laminar flow 
regime. If a turbulence model is used throughout the domain, convergence issues could 
be expected. In such cases, from our experience in exploring turbulence models, we 
recommend using different model equations in each domain to satisfy appropriate flow 
conditions. Earlier, it was mentioned that whether the flow investigated in this study 
should be treated as turbulent or not is an open question. Had it been considered, the 
prior turbulent mass transfer should be accounted for by adding a turbulent diffusion 
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coefficient. This will enhance the mass transfer within the turbulent region and could 
have reduced the difference. However, an initial computation carried out with a 
turbulent model suggests no turbulence at operating conditions used. Perhaps this is an 
important issue that needs to be investigated in detail in future studies, in order to 
accurately predict performance of the reactor. A state of the art flow visualization 
technique such as particle image velocimetry (PIV) can be used to validate the flow 
field condition where reasonable doubt exists. The smaller bubbles used in this study 
had a mean diameter of 550 μm. It is likely that miniaturization shown possible in other 
studies (Zimmerman et al. 2011) will be well within the bubbly laminar flow regime, 
with the potential exception of the to surface-spreading dynamics. 
4.4 Summary 
Carbon dioxide is one of the most common gases produced from biological processes. 
Removal of carbon dioxide from these processes can influence the direction of 
biological reactions as well as the pH of the medium, which affects bacterial 
metabolism. Kinetics of carbon dioxide transfer mechanisms are investigated by 
sparging with conventional fine bubbles and microbubbles. The estimate of the 
concentrations of CO2(aq), H2CO3, HCO3, and CO3 from pH measurement in an airlift 
loop sparged mixer is derived. The canonical estimate of overall mass transfer 
coefficient of carbon dioxide has been estimated as 0.092 min
-1
 for a microbubble size 
of 550um compared with 0.0712 min
-1
 for a fine bubble (mean bubble size of 1.3 mm) 
sparging. It is observed that the efficiency of carbon dioxide removal has increased up 
to 29% by microbubble sparging compared with fine bubble sparging. Laminar bubbly 
flow modeling of the airlift loop configuration correctly predicts the trend of the change 
in overall mass transfer in both gas stripping with nitrogen and gas scrubbing for carbon 
dioxide exchange, while demonstrating the expected separated flow structure. The 
models indicate that the macroscale flow structure is transient and pseudoperiodic. This 
latter feature should be tested by flow visualization, as preferential frequencies in the 
flow can be exploited for enhanced mixing. 
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5.1 Introduction  
In spite of the accelerated development of bioreactors due to their widespread use, there 
are still difficulties in maintaining stability and rates of bioprocesses. It is believed that 
the most important causes of that failure have been poor construction and design, 
leading to inadequate mixing, which may jeopardize the stability and performance of 
the process (Karim et al., 2005; Monteith and Stephenson, 1981; Karim et al., 2003) 
Mixing in fermentation processes is required to prevent thermal stratification, maintain 
uniformity of the pH, increase the intimate contact between the feed and microbial 
culture, and prevent fouling and foaming. The importance of mixing in bioreactor 
design has encouraged numerous studies for many bioprocesses, including those 
producing biogas by anaerobic digestion (Stroot et al., 2001; Stafford, 1982; Bello-
Mendoza and Sharratt, 1998).  
Bello-Mendoza and Sharratt (1998), concluded that the insufficient mixing can cause a 
remarkable decrease in both the efficiency of the fermentation process as well as the 
amount of biogas it produces. More importantly, efficient mixing can speed up reaction 
rates and therefore reduce the hydraulic retention times required (i.e. reduce the size of 
the reactor) or increase the throughput of medium (Monteith and Stephenson, 1981). 
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In bio-hydrogen production processes, for example, the mixing factor plays an 
important role according to Lay (2000 and 2001). This author reported that the 
hydrogen produced from anaerobic fermentation of microcrystalline cellulose increased 
with increasing the agitation speed. Equally, the characteristic of good mixing in bio-
hydrogen processing results in decreasing the mass transfer resistance (Majizat et al. 
1997). Therefore, the mixing process in bioreactors is an important and critical factor in 
determining the efficiency of fermentation process and the nature of design which plays 
an active role in providing a suitable environment for micro-organisms.  
Traditional mixing using stirred tanks may give better biogas yields but, when the 
process energy requirement is weighed against the extra energy obtained, these 
processes become economically unviable. Therefore, the reduction of the energy 
required for mixing is one the most challenging targets that is faced in large-scale 
bioenergy production.     
The present study proposes the use of an airlift bioreactor as an alternative to stirred 
tanks for bioprocess applications as can be seen in Figure 5.1. The airlift (gaslift) reactor 
(ALR) has been used in several industrial applications requiring gas-liquid 
contacting.(Chisti 1989, Mudde and Van 2001). 
   
  
    
        
 
 
     
 
Figure 5.1: Schematic of airlift bioreactor with internal recirculation 
In addition to good mixing, ALRs have long times for gas-liquid contacting and do not 
cause shear damage to cells. This has seen their widespread use in various biological 
processes, for example: biomass from yeast, vinegar, bacteria, etc. These advantages 
can be considerably further improved by equipping the ALRs with a fluidic oscillator 
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for generating micro-bubbles which, compared to traditional stirred tanks, can 
dramatically increase the interfacial area between gas and liquid phases. 
Traditionally, enhancement of mass and heat transfer rates in gas-liquid interface have 
always been accomplished by increasing the interfacial area between gas and liquid 
phases. Due to their high maintenance cost and energy requirements, use of traditional 
methods (e.g. stirred tanks) to achieve certain preset goals is not economically 
convincing. However, this scenario could be changed if microbubbles systems are used 
in chemical and biochemical processes. These systems would highly make 
improvements of mass flux by increasing surface-area-to volume rates of a bubble. 
In spite of the successive developments of microbubble generation systems, the energy 
requirements are still reasonably high. Zimmerman et al. (2009, 2011(a) and 2011(b)) 
have developed a novel aeration system by fluidic oscillation, which is capable of 
producing gas bubbles with micron size to achieve enhanced heat and mass transfer 
rates. As well as, increased interfacial area, microbubbles offer hydrodynamic 
stabilisation, longer residence times and an increased mixing efficiency. The fluidic 
oscillation method has low energy demands compared to other methods for microbubble 
generation. 
Microbubble generation by fluidic oscillator offers many benefits including low cost, 
reliability and robustness. This technology can provide a range of bubble diameters 
depending on the type of application and diffuser used. In the present study, the type of 
diffuser used is made of ceramic and its form resembles a tablet, which is divided into 
two parts. Each part of the diffuser has a diameter of 5 cm and is separated completely 
from the other part. It is equipped with two entries to enter the gas 
The gas from the main supply terminal into the oscillator randomly stays attached to 
one of the two channels due to the Coanda effect. This creates a pressure difference  in 
the feedback loop and, as a result, the gas from the port on the non-flowing side (higher 
pressure) flows back to the lower pressure port where the current flow is currently 
passing. The gas, pushed out from the low pressure port, then hits the main passing flow 
and switches it to the opposite channel. This cycle then repeats periodically to give 
oscillatory jet switching between the flow channels. The oscillation frequency can be 
easily adjusted by changing the feedback loop length in order to create bubbles of the 
required size when the outputs are fed to separate diffusers. Al-Mashhadani et al. (2012) 
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used this technology for stripping carbon dioxide. They reported that the efficiency of 
CO2 stripping was about 29% more than that for fine bubble sparging.  
5.2 Airlift Bioreactor Design and Simulation 
The geometry of bioreactor is influenced by the complexity of the biological medium. 
This is generally a multiphase solution consisting of cells and nutrients in solid, liquid 
and gas forms. A fundamental understanding of bioreactor flow mixing patterns helps to 
provide optimal conditions for growth and product formation when assisted by reliable 
control systems for pH and temperature monitoring. There are many possible shape 
options of the bioreactor configuration, which depend on several parameters (e.g. 
efficiency of mixing, cost etc). Cylindrical is a conventional German design and egg-
shaped configurations have been widely used in the world, whereas rectangular cross-
section reactors have more limited uses due to poorer mixing efficiency (Metcalf & Eddy 
2003). 
An actual cylindrical bioreactor with airlift gas injection was modelled in the current 
simulation study (Figure 5.2). The diameter of the bioreactor to draught tube diameter 
ratio (D/d) is 0.7 and the angle of the conical bottom is 25
o
. The total volume of the 
reactor is 15 litres with a working volume of 8-9 litres. The remaining volume of the 
bioreactor is used as headspace volume, which is necessary to condense the vapour 
water and return it to the medium as shown in the Figure 5.2. 
The biological medium in a working bioreactor is typically thick, opaque slurry 
containing organic materials, solids, bacteria and dispersed gas bubbles. It is difficult to 
visibly see the efficiency in the mixing process even when using high-speed cameras. 
Computer simulation provides a powerful means for optimising bioreactor design for 
two reasons. Firstly, for a specific bioreactor configuration such as that described above, 
it enables the internal flow patterns to be mapped to a level of precision that is beyond 
experimental techniques. Secondly, it allows the effect of key design decisions on 
overall bioreactor performance to be rapidly evaluated. Computational Fluid Dynamics 
(CFD) software is increasingly being deployed to simulate, trouble-shoot and design 
bioreactors.  
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Figure 5.2: Dimensions of airlift bioreactor used in this study. 
Previous work on anaerobic digestion is the progenitor of this more general work on the 
simulation of airlift bioreactors presented here. Other researchers have used simulation 
to contribute to the development and design of the bioreactors.  These authors include, 
Vesvikar and Al-dahhan,(2005); Wu and Chen, (2008); Meroney and Clorado, 2009;Wu 
2009 and 2010; Terashima et al. 2009; OEY et al. 2001 and Šimčík et al. 2011; Becker 
et al. 1994; Calvo 1989; Calvo and Leton 1991; Moraveji et al. 2011. CFD has been 
used in two ways: firstly to improve the performance of the mixing regime in the reactor 
and, secondly, to investigate the effect of an existing design on the efficiency of 
bioprocess. Meroney and Clorado (2009)
 
studied the impact of changing dimensions of 
the mixing parts on the efficiency of mixing in the digester. In a different study, Wu 
(2009)
 
has used many different types of mixing methods in order to identify the effect 
of each of these on the performance of the bioprocess. Wu and Chen (2008); Karim et 
al. 2007; Vesvikar and Aldahhan (2005)
 
have developed a design of a mixing system 
and have tested all the variables that would lead to a higher efficiency of the developed 
system in the anaerobic digester using CFD software. Huang et al. (2010) studied the 
hydrodynamic and local mass transfer in the airlift bioreactor. The authors mentioned 
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that the mass transfer rate in the riser region is higher than any other region of the 
reactor.  
In the current study, COMSOL Multiphysics software (Version 4.1) was used, which is 
considered as the best programme choice as an efficient way to evaluate and description 
the flow dynamic in gaslift bioreactor. The gas holdup and liquid velocity are 
investigated in the present study as a main flow dynamic parameter (Calvo et al. 1991). 
In addition, the simulation study was carried out at pre-determined conditions and 
structures. 
5.3 Flow Modelling of the Airlift Bioreactor 
A simulation process of the airlift bioreactor carried out using COMSOL Multiphysics 
software (Version 4.1). The airlift bioreactor configuration that was used in the 
simulation is illustrated in Figure 5.2, while the properties of the process are presented 
in Table (5.1). 
 
Table 5.1: The properties of flow modelling  
 Range of microbubble diameter between 40-1000 µm  
 Low gas concentration 
 Low flow rate (300 ml/min) 
 Liquid phase is water 
 Gas phase is air 
 The temperature is 298.15 K, the pressure is 1 atm.  
A laminar bubbly flow model interface was used for modelling of the two-fluid flow 
regimes (e.g. mixture from gas bubbles and liquid). Thus, the momentum transport 
equation is given by: 
    
   
  
                               
                                                   
Where    is liquid volume fraction (m
3
/ m
3
),    is density of liquid,    the velocity of 
liquid phase (m/s),   is time (sec),   is pressure (Pa),    is dynamic viscosity of liquid 
phase (Pa.s) and   the gravity(m/s2). 
For low gas concentration, the liquid holdups coefficient (  ) is about one. Therefore, 
the change of    can be neglected in the following equation.  
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The equation of gas phase is illustrated as follows: 
                                           
     
  
                                                                          
Where    is the density of gas phase (kg/ m
3
), gas volume fraction (m
3
/ m
3
),    is 
velocity of gas and     the mass transfer rate (kg/m
3
.s).  
As the approximation of the present paper, there is no mass transfer between gas and 
liquid phases. Thus the     =0. Therefore, the continuity equation can be arranged for 
two phases (e.g. gas and liquid) but without mass-transfer terms as follows: 
                                          
     
  
                                                                                
The ideal gas law was used to calculate the density of gas (  ): 
                                                    
   
  
                                                                                      
Where    is the molecular weight of the gas bubble,   is the ideal gas constant (8.314 
J/(mol.K) and T the temperature of gas (K). 
The gas volume fraction is estimated by the following equation:  
                                                                                                                                       
The gas velocity can be determined as      +      , since       is relative velocity 
between two-phases fluid (gas and liquid). 
Pressure-drag balance, obtained from slip model, was used to calculate the      . The 
assumption of this model suggests that there is momentum balance state between 
viscous drag and pressure forces on the gas microbubble: 
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Where    is the viscous drag coefficient (dimensionless),    is bubble diameter (m). 
Owing that the microbubbles diameter used in the simulation are equal or less than 1000 
µm, the Hadamard-Rybczynski drag law was used, and hence: 
                                                             
  
    
                                                                               
Where:  
                                                              
           
  
                                                                
Where     is Reynolds number  
On the draft tube and internal airlift bioreactor walls, no slip (     was used in 
boundary conditions (BCs) for liquid phase, whilst no gas flux values were used for the 
gas bubble phase, hence the values of    and         equal to zero. In the other hand, 
the “Gas outlet” and the slip (     ) BCs were used at the top of liquid phase for both 
liquid phase and gas phase, respectively. On the top of the diffuser, no slip boundary 
conditions were used for liquid phase and the “gas flux” boundary conditions for the gas 
phase. 
5.4 Results and Discussion of Simulation Study  
The distribution of gas volume fraction and the liquid velocity streamlines at different 
bubble diameters (40, 100, 200, 400, 600, 800, and 1000 µm) are presented in Figure 
5.3. The simulation time required for each run to achieve steady state increased with 
decreasing bubble size as can be seen in Figure 5.3. The 40 µm bubble simulation had 
reached a steady state in around 900 seconds but we found the 20 µm bubble simulation 
did not reach a steady state after by this time. The current study concludes that the 20 
µm bubble simulation requires a significantly longer time and therefore much more 
computational effort in order to converge to a steady state. 
It can be observed in Figure 5.3 that gas bubbles are not present in the downcomer for 
bubble sizes of 200 µm or greater (i.e. the volume gas fraction is zero in this region of 
the reactor). However, in simulations using bubble diameters of 40 µm and 100 µm, 
there is recirculation of gas bubbles in the downcomer in which the steady state volume 
gas fractions are 0.12 and 0.01 respectively (Figure 5.4). For bubbles exceeding 200 
µm, therefore, both mass and heat transfer are confined to the riser region, because the 
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downcomer region, which is equivalent to more than 60% of overall working  volume 
of the reactor is free of gas bubbles. The liquid circulation is unable to overcome the 
higher buoyancy of bigger bubbles so they make no further circulations.  
However, as just discussed, this situation is different for bubbles that are 100 µm or 
smaller. For example, for a bubble diameter of 40 µm, the volume gas fraction of 0.12 is 
extremely high compared to other experimental work in similar airlift reactors using 
larger bubble sizes such as results reported by Rengel et al. 2012. These authors give a 
maximum downcomer volume fraction of around 0.045 but to achieve this they require 
a superficial gas velocity of 0.047 m/s which is two orders of magnitude greater than 
that used in this work (0.00044 m/s). This gives an indication of the huge benefits in 
mass transfer performance that microbubbles can achieve. To put it another way, a 
volume gas fraction of 0.12 corresponds to an enormous high interfacial area of 18,000 
m
2
 per m
3
 which is around three orders of magnitude greater than experimental values 
reported for typical bubble columns using standard bubble sizes of a few millimetres 
(Maceiras et al. 2010). In addition Calvo (1989) mentioned that the gas hold up in the 
riser region increases with increasing the flow rate of gas. Thus big amount of gas are 
lost leading to make this process inefficient economically. But, the present study 
demonstrates that the gas fraction in both two regions of reactor (riser region and 
downcomer region) can be achieved, but with much lower gas inflow, if the 
microbubble technology is used in the sparging system. 
It should also be noted that presence of bubbles in the downcomer region for the smaller 
bubble sizes allows significant mass transfer to occur in this region. Furthermore, the 
higher rates of gas recirculation give longer gas residence times and so, along with the 
higher interfacial area, provide even further benefits for gas-liquid mass transfer.  
Experimentally, we have observed the presence of micro-bubbles generated by fluidic 
oscillation in the downcomer, and the disappearance of these bubbles when the 
oscillator is turned off (increasing bubble size). 
Microbubble prevents coalescence, however, some surfactants and salts also oppose 
coalescence (Ribeiro and Lage 2004; Francis and Pashley, 2009), so that this model is 
appropriate when coalescence is suppressed. 
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                                                                             (a) 
 
                                                                          (b) 
 
                                                                             (c) 
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                                                                               (d) 
 
                                                                            (e)  
 
                                                                          (f) 
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                                                                          (g) 
 
                                                                           (h) 
Figure 5.3: Snapshots of gas concentration at different bubble diameter after 120 sec  a) 
bubble diameter 20 µm, (b) bubble diameter 40 µm, (c) bubble diameter 100 µm, (d) 
bubble diameter 200 µm, (e) bubble diameter 400 µm, (f) bubble diameter 600 µm , (g) 
bubble diameter 800 µm,  (h) bubble diameter 1000 µm. 
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Figure 5.4: Volume gas fraction in cross section downcomer at different bubble 
diameter (20, 40, 100µm) after steady state. 
 
5.5 Liquid and Gas Velocity Profile 
The goals of the mixing system in biological processes include prevention of the 
formation of thermal stratification, maintaining uniformity of the pH, increase of 
contact between feed and microbial culture, and preventing fouling and foaming. As 
described earlier, some of biological media are viscous liquids, of high density, and 
contain solids, grits etc, thus, mixing of these materials thoroughly in order to achieve 
the desired objectives requires a great effort and energy. In fact, using a bubbling 
system for mixing of such media is inefficient at certain flow rates. Owing to generation 
of foams at the top of the culture surface, increase induced gas flow rate is become 
necessary, thus, the whole bioprocess would be uneconomical. Changing this scenario is 
possible, if micro-bubbles technique is being used in this process, because, the rising 
velocity of gas bubbles dependent on the pressure drag-coefficient and bubble diameter. 
For example, decrease of bubble diameter causes decreasing in the values of Reynolds 
number, and then pressure drag-coefficient increases based on Equation 5.10. 
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Consequently, rise in velocity of the microbubbles would decrease the drag coefficient 
according to (Equation 5.9). 
Figure 5.5 shows, for different bubble sizes, the gas velocity profiles across the radius 
of the riser zone at a level of 0.12 m from the bottom of the reactor. Figure 5.6 shows 
the centreline gas velocities in the Y (vertical) direction in the riser zone. The 
corresponding the liquid velocity profiles are shown in Figure 5.7 and Figure 5.8. The 
simulation data shows that at this low gas flow rate (300 ml/min), the gas velocity 
decreases with decreasing bubble size, as would be expected, due to the increased drag 
force (Figure 5.5 and 5.6). A more surprising finding is that liquid velocity increases 
with decreasing bubble size for bubbles larger than 200 µm. 
But Figure 5.8 shows also that the liquid velocity decreases when the bubble diameters 
decrease less than 100 µm. Indeed, when the sparging started, the liquid velocity for 40 
µm bubbles was larger than liquid velocity for 100 µm bubbles. But this behaviour 
changed, since the liquid velocity for 40 µm bubbles decreases with time to become less 
than its velocity when diameter of bubble is 100 µm by 25%. It can be also noticed that 
this unexpected decrease in liquid velocity in riser region (for 40 µm bubbles) has 
occurred when the gas concentration increased in downcomer region, as can be seen in 
Figure 5.9. Hence, these results indicates that the presence of high concentration of 
microbubbles in downcomer region obstruct the recirculation of the liquid around the 
draft tube in the bioreactor due to increasing buoyancy force in that area (downcomer 
region). 
The simulations show a fivefold increase in centreline liquid velocity for 100 µm 
bubbles as compared to 1000 µm bubbles for the same gas flow rates. Micro-bubbles, 
therefore, are able to move the liquid quite rapidly upwards even at low gas flow rates. 
The fact that micro-bubbles can provide strong liquid circulation at very low gas flow 
rates shows that they could give a very big reduction in the energy required to provide 
adequate mixing in bioreactors. 
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Figure 5.5: Velocity gas profile in cross-section riser zone after steady state at different 
gas bubble diameter (40,100, 200, 400, 600, 800, 1000   ) after steady state. 
                     
   
Figure 5.6: Velocity profile in certain point riser zone after steady state. 
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Figure 5.7: Velocity liquid profile in cross-section riser zone after steady 
state at different gas bubble diameter (40, 100, 140, 200, 400, 600, 800, 
1000   ) after steady state. 
 
Figure 5.8: Velocity profile in certain point in riser zone after steady state.  
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Figure 5.9: Velocity of liquid phase in riser region and gas volume fraction in 
downcomer region for 40 µm and 100 µm bubble diameter after steady state. It can 
be seen that the velocity of liquid in left side of chart, while gas velocity in right side 
of the chart. 
5.6 Penetration of the Microbubbles 
The penetration depth of micro-bubbles into the downcomer zone was also investigated 
in the present study. The depth of penetration influences the rate of heat and mass 
transfer in the reactor since it effects the overall residence time of gas bubbles in the 
reactor and also the total interfacial area. The simulation data shows that the depth of 
penetration of the microbubbles increases with decreasing bubble size. Figure 5.10 
presents the gas volume fraction profiled in the downcomer region for various bubble 
diameters (40, 70, 85, 100 and 140 µm). The distribution of gas in the reactor is shown 
in Figure 5.11. The position of the gas diffuser in the reactor is an important design 
factor in this context. The gaslift bioreactor was simulated with four different locations 
of gas sparger. The ratio of height of gas sparger to height of gaslift bioreactor (hd/H) 
was varied from 0.17 to 0.37. Figure 5.12 and Figure 5.13 show that with similar 
bubbles diameter (i.e. 40 µm), the deeper penetration could be achieved at lower hd/H 
ratio. 
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Figure 5.10: Gas volume fraction versus height above bottom of reactor in the 
downcomer for (40, 70, 85, 100, 140 µm) after steady state. Note that the 
diffuser position for these simulations is 0.05 m above the bottom of the reactor  
The settling velocity of soot, dust, heavy metals and suspended matter, which affect on 
the fermentation efficiency and block the porous of diffuser, has been one of the 
important parameter that should be taken into consideration when designing the 
bioreactor. Therefore, the hd/H ratio of 0.17 has been found as the best position to 
mount diffusers in airlift digester. 
 
Figure 5.11: Steady state distributions of gas concentration in the reactor for 
different bubbles sizes (40, 70, 85, 100 and 140µm). 
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Figure 5.12: Volume gas fraction with height of airlift digester at different 
diffuser position (5, 6.5, 8,9.5,11 cm) at 40 µm and after steady state. 
                       
 
Figure 5.13: Height of diffuser and height of reactor ratio ( hd /H) with height of 
penetration and height of reactor ratio (Pb/H) at micro-bubble diameter of 40 
µm. 
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5.7 Dead Zones in Gaslift Bioreactor 
Dead zones in gaslift bioreactor are the part of the bioreactor in which no transfer of 
heat and mass occur in them, as well as those parts whose fluid flow less than 5%. Thus, 
thermal layers and non-homogeneous of pH is being formed in these areas. Increased 
size ratio of the dead zones inside the reactor increases the likelihood of failure of the 
anaerobic digester. These areas have very low velocities of the liquid (e.g. less than 
0.0001m/s), which is very small in comparison with liquid velocities in the other parts 
of the reactor. Gentle increase in the flow rate of gas in the reactor has shown very little 
effect on reducing those areas in the bioreactor. In addition, increasing gas flow rate 
causes an increase in the bubble size that would ultimately reduce the transfer rate of 
heat and mass. 
Another important design parameter is the height of the diffuser above the bottom of the 
reactor. Figure 5.14 and Figure 5.15 show the steady state distribution of gas 
concentration in the reactor at various diffuser positions (0.05, 0.065, 0.08, 0.095, 0.11 
m above the bottom of the reactor) for the 40 µm bubble size. The results confirm that, 
for each diffuser position, there is negligible gas volume fraction and liquid circulation 
below the level of the diffuser. 
        
 
Figure 5.14: Snapshots of gas concentration after steady state condition different 
diffuser position (0.05, 0.065, 0.08, 0.095, 0.11 m) 
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Figure 5.15: Percentage of dead zone after 120 sec, microbubble diameter 20 
µm, and at different diffuser position (0.05, 0.065, 0.08, 0.095, 0.11 m) 
 
This region can therefore be considered to be a dead zone. Although in general, dead 
zones are to be avoided a practical consideration in anaerobic digesters in the settling of 
solids directly on the sparger surface that can inhibit its performance. This is the reason 
that the experimental bioreactor discussed in section 5.6 has the diffuser at a slightly 
elevated level of 0.05m above the reactor bottom (hd/H=0.17). The simulation results 
therefore confirm that improper location of the diffuser can give poor bubble 
distribution and may have a deleterious effect on the performance of anaerobic digester. 
  
5.8 Effect of Draft Tube Diameter 
Since the relative flow area of the riser compared to the downcomer is an important 
design parameter for internal airlift reactors, the present study simulated four different 
draft tube diameters. The ratio of draft tube diameter to the bioreactor diameter (d/D) 
was varied from 0.6 to 0.9. Two bubble diameters (40 µm, 400 µm) were used for 
investigating effect the draft parameter on mixing efficiency. Figure 5.16 shows the 
liquid circulation patterns and the steady state distribution of gas volume fraction for. 
d/D = 0.6, 0.7, 0.8, and 0.9) when the bubble diameter is 400 µm, while Figure 5.17 
shows the corresponding velocity liquid profiles across the  cross section of the riser 
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region. An interesting aspect of these results is that the liquid circulation in the 
downcomer is very low for the largest riser diameters (d/D = 0.8 and 0.9) with most 
liquid circulating downwards in the riser.  The reactor is therefore operating as a simple 
bubble column in these simulations. Indeed, for d/D = 0.8 and 0.9, it can be seen in 
Figure 5.18, that this stagnant region extends beyond the downcomer well into the riser. 
Our simulation results therefore show a marked transition from a liquid circulation 
pattern that has good mixing for d/D = 0.6, to one that has a large annular dead zone of 
poorly mixed liquid.  
 
 Figure 5.16: Snapshots of gas concentration at different d/D (d/D = 0.6, 0.7, 0.8, and 
0.9) when microbubble diameter is 400 µm and  after 120 sec 
 
In order to assess the effect of much smaller microbubbles size, simulations were 
performed for the 40 µm bubble size and the results are shown in Figure 5.19 and 
Figure 5.20. It can be seen that the increase in draft tube diameter has very little effect 
on the liquid velocity profile (Figure 5.20), but may causes slightly more swirling flow 
in the reactor (Figure 5.19). 
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Figure 5.17: Velocity liquid profile in cross-section after 120 sec 
 
         
            
 
Figure 5.18: Velocity liquid in cross-section riser region at different draft tube 
diameter after steady state. 
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Figure 5.19: Snapshots of gas concentration at different d/D (d/D = 0.6, 0.7, 0.8, and 
0.9) when microbubble diameter is 400 µm and after 900 sec 
 
             
 
                          Figure 5.20: Velocity liquid profile in cross-section after 120 sec 
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From the above results, the study concluded that following: 
1.  The diameter of the produced bubbles exceeded 200 µm, the downcomer 
region, which is equivalent to about 60% of overall volume of the reactor, is free 
from gas bubbles. 
2.  The simulation data showed, also, that below certain constant flow rate (e.g. 
300 l/min), the gas velocity decreases with decreases in bubble size, due to 
increased drag force against the buoyancy force.  
3. At similar conditions and flow rates, liquid velocity increases corresponds to 
decreases in bubble size. The results showed that the depth of penetration of the 
microbubbles increases with decreasing the bubbles size due to a bigger 
downward drag force compared to the buoyancy force.  
4. The volume of dead areas has increased with increasing the height of diffuser 
location. Therefore, based on the calculated simulation data, it can be concluded 
that poor gas bubbles distribution, occurred due to improper location of the 
diffuser, may have a marked deleterious effect on performance of bioreactor.  
Overall, the results obtained suggest enormous potential for microbubble aeration for 
improving the efficiency of mixing and mass transfer. They also demonstrate the power 
of computational modelling for the analysis and design of the next generation airlift 
bioreactors for bioprocess applications. According to the results obtained from the 
simulation study, gaslift anaerobic digester is assembled for our experiments as can be 
seen in Figure 5.21. 
 
 
 
 
 
 
 
 
 
Figure 5.21 Actual airlift bioreactor modelled in this study and used in the current 
experiments 
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5.9 Summary 
Airlift bioreactors have many advantages over stirred tanks. For instance, there are no 
moving parts inside the reactor which often results in lower costs of installation and 
maintenance as well as lower energy consumption. However, these bio-reactors still 
need further technical developments in order to increase the efficiency of mass and heat 
transfer rate in gas-liquid processes. Bioprocesses with gaseous reactants or products 
that are operating at high cell densities are particularly susceptible to being mass 
transfer limited. Enhancement of the mass transfer rate can be accomplished by smaller 
bubbles that increasing the interfacial area between the gas and liquid phases. 
Microbubbles generated by fluidic oscillation provide an effective, low energy means of 
achieving high mass transfer rates. This study presents the design and simulation of a 
gaslift bioreactor with microbubbles generated by fluidic oscillation. 
The simulation results show that when the diameter of the microbubbles exceeded 200 
µm, the “downcomer” region, which is equivalent to about 60 % of overall volume of 
the reactor, is free from gas bubbles. The results also demonstrate that the use of 
microbubbles not only increases surface area to volume ratio, but also increases mixing 
efficiency through increasing the liquid velocity circulation around the draft tube. In 
addition, the depth of downward penetration of the microbubbles into the downcomer 
increases with decreasing bubble size due to a bigger downward drag force compared to 
the buoyancy force. The simulated results indicate that the volume of dead areas 
increase as the height of diffuser location is increased. We therefore hypothesise that 
poor gas bubble distribution due to the improper location of the diffuser may have a 
markedly deleterious effect on the performance of the bioreactor used in this work.  
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Chapter Six 
 
Removal of acid-gases from digested sludge using periodic 
sparging in an airlift bioreactor with microbubble generated 
by fluidic oscillation 
 
 
6.1 Introduction  
The hydraulic retention time (HRT) applied in conventional mesophilic anaerobic 
digesters is normally 20 days. The digested sludge (effluent) contains biodegradable 
organic matter, inert solids, anaerobic bacteria and some dissolved gases: both those 
with high solubilities such as carbon dioxide (CO2) and hydrogen sulphide (H2S); and 
also those that are sparingly soluble such as hydrogen (H2) and methane (CH4). The aim 
of this chapter was to investigate the effect of stripping these dissolved gases using an 
air-lift reactor. We show that this leads to increased methane production, perhaps 
because the aforementioned dissolved gases inhibit biogas production. The presence of 
these dissolved gases in the effluent can also have a negative impact on the pipelines 
and the downstream processing units. Corrosion is one potential problem in piping 
metals. In addition, the generation of biogas continuously, in the digested sludge during 
its transfer and handling could lead to a creation of gas-liquid mixture; which, even if a 
small fraction of dissolved gas can degrade the performance of pumps due to creating 
cavitation phenomena. In addition, and due to large density differences between the two 
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phases, the gas and liquid tend to separate in pipelines and the pumps, consequently, 
handling with this mixture will become a difficult task and inefficient (William and 
Bohr, 2010; Lester and Phil, 1970; Garber and Ohara, 1972). 
Airlift reactors (ALR) have been used in several industrial applications for many gas-
liquid contacting processes (Merchuk and Siegel, 1969). ALRs have several advantages 
over stirred tanks. In addition, it has been observed that use of airlift reactor can 
enhance mixing efficiencies compared to agitation by conventional stirred tanks. 
Because of these benefits the airlift reactor was used as the unit for the anaerobic 
digester in this study. The efficiency of ALRs for stripping CO2 from liquid was 
demonstrated by Al-mashhadani et.al. (2012). They reported that the bubble size in the 
airlift reactor plays an important role in removal of dissolved gases from the liquid. In 
this study, the contact between the liquid sludge and the nitrogen gas bubbles leads to a 
reduction of the partial pressure of the biogas produced due to gas exchange. The low 
partial pressure of the products contributes to the Gibbs free energy with a negative 
sign; hence the reaction becomes thermodynamically favourable and provides impetus 
for the formation of more products (Gary, 2004). Investigations that depend on the 
mathematical relationship between partial pressure and Gibbs free energy are many and 
with widespread applications
 
(Tanisho et. al.1998; Park et.al. 2005; Alshiyab et. al. 
2008; Liang et. al. 2002; Mizuno et. al. 2000; Kim et al 2006; Kraemer et. al. 2008). 
This process has raised debate among researchers about controlling the partial pressure 
of hydrogen or carbon dioxide and its effects on the production of hydrogen.  
It should be noted that hydrogen is an important intermediate in anaerobic digestion for 
methane production since it is produced by the acetogenic bacteria from degradation of 
organic acids and is consumed by the carbon dioxide-reducing methanogenic bacteria. 
However, low H2 partial pressures (<10
-4
 atm) are essential for acetogenic reactions to 
be thermodynamically favourable (Schink, 1997; Stams et. al. 2005).
 
So the effects of 
removal of hydrogen on methane production are not clear since it could enhance 
acetogenesis but decrease the rate of methane produced from hydrogen and carbon 
dioxide - hydrogenotrophic methanogenesis. The other route to methane, aceticlastic 
methanogenesis, uses only acetate as the substrate and is therefore independent of 
dissolved hydrogen
 
(Schink, 1997).  
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Although we did not measure hydrogen in this study it is likely that it is at low level 
since we did not add any additional substrate. Several previous studies have found a 
close correlation between higher hydrogen levels and more organic loading with readily 
fermentable substrates
 
(Mosey and Fernandes, 1989) but in this study the system is 
substrate limited so hydrogen levels are not likely to be high enough to be limiting. The 
reduction of the partial pressure of gases can be achieved by different methods with 
different implications for removal efficiency and cost. The current research has been 
conducted on a hypothesis that using airlift bioreactor (ALR) as anaerobic digester 
would lead to an increase in the stripping of the biogas produced. 
6.2 Results and Discussion of Using Gaslift Digester 
Study of removal of acid-gases from the digested sludge was carried out according to 
the setup of experiments that discussed in part 3.4 of chapter three. Figure 6.1 shows 
that, over 170 hours, the cumulative methane production from the gaslift anaerobic 
digester was 29 % higher than that observed in the conventional anaerobic digester. The 
production of methane in both digesters decreased each day indicating an exhaustion of 
substrate as can be expected since we used digested sludge in this experiment with no 
additional feeding.  
         
Figure 6.1: Cumulative methane production in the airlift digester vs. the unsparged 
digester. 
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It can be also being seen in Figure 6.2 that the vast majority of methane was obtained 
from the airlift anaerobic digester during the daily one hour period of sparging with 
nitrogen. This indicates that the biogas produced by the biological processes remains 
either dissolved in solution or is perhaps trapped as small bubbles in the digested 
sludge. During sparging the trapped gases are released, either by mass transfer from 
solution into the fine nitrogen bubbles, or possibly by physical dislodging of the 
bubbles. 
The reduced methane production for the unsparged digester suggests that metabolic 
activity is limited by high concentrations of dissolved gases in the bulk solution. Indeed, 
a rough calculation shows that prior to sparging, the methane concentration is highly 
super-saturated, particularly in the early stage of culture. 
             
 
Figure 6.2: Comparison of methane production in the airlift digester during the daily 
one hour sparging period versus that in the preceding 23 hours unsparged operation. 
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higher than this calculation suggests since the solubility of methane in the fermentation 
liquid is almost certainly less than that in distilled water due to the competition from 
other dissolved ions. This supersaturated extracellular concentration of methane has 
been found in previous studies
 
(Pauss et. al. 1990) on mass transfer limitations in 
anaerobic digesters. Such high concentrations outside the cell imply even higher 
concentrations inside the methanogenic cells since the driving force for passive 
transport of methane product out of the cell is the concentration gradient. We 
hypothesise the intracellular/extracellular concentrations of methane or other biogas 
constituents (CO2, H2S, NH3) in the comparatively crowded conditions of the digester 
may be higher than that found in the cells’ natural environment and thus limit biogas 
production. This is due to the simple chemistry of making the Gibbs free energy of the 
final step in methane production less negative and perhaps also by active metabolic 
regulation. Stripping with an inert gas such as nitrogen can correct this effect by 
removing gaseous products to make gas producing reactions thermodynamically more 
favourable. These results suggest, somewhat counter intuitively, that even sparging with 
pure methane will reduce the concentration of methane – i.e. from the super-saturated 
concentration towards saturated concentration. This raises the possibility of sparging 
with, for example, recycled mixtures of CO2 and CH4 which will not dilute the energy 
content of the biogas rather than nitrogen used in this research. 
After methane, the next most abundant gas produced from the anaerobic fermentation is 
carbon dioxide which is some 70 times more soluble in water than methane at 35
o
C. A 
small fraction (0.2%) of aqueous CO2 exists as carbonic acid (H2CO3) which is a 
diprotic acid with two ionisable hydrogen ions which can sequentially dissociate to 
form bicarbonate and carbonate ions. 
It would therefore be expected that accumulation of dissolved CO2 in the digesters 
without pH control would lead to a lowering of pH but Figure 6.3 shows the ability of 
pH control system to maintain the pH within a reasonable range in both digesters. It 
should also be noted that there is also a natural buffering effect whereby acids produced 
can immediately react with ammonia produced from biodegradation of protein.  
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Figure 6.3:  pH values of both Airlift digester and the conventional digester 
Figure 6.4 compares the production of carbon dioxide from airlift digester with and 
without conventional unsparged digester. It can be clearly seen that there is a 
significantly greater removal of carbon dioxide in gaslift digester over the conventional 
digester. It is clear that the higher solubility of CO2 allows it to remain in solution at 
much higher levels than the CH4 until it is stripped out by the nitrogen sparging. 
       
Figure 6.4: Cumulative carbon dioxide production in the airlift digester with periodic 
nitrogen bubbling compared to the conventional unsparged digester 
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Figure 6.5 shows the hydrogen sulphide removal from digested sludge during nitrogen 
bubbling. Since the solubility of H2S is more than twice that of CO2 and it is produced 
in much smaller quantities, there is very little produced from the unsparged digester 
when compared to that stripped by using one hour per day sparging in the airlift 
digester.  
Sulphate can inhibit the generation of biogas produced from the anaerobic digestion of 
wastewater since it encourages the growth of the sulphate-reducing bacteria which 
consume the acetic acid and hydrogen used by methanogenic bacteria to produce 
methane (Hiltan and Archer 1988). As well as competition between the sulphate-
reducing bacteria and the methane-producing bacteria there is also a direct inhibitory 
effect. Sulphide produced from sulfate reduction has inhibitory effect at concentrations 
of 0.002 M of H2S (Speece 1996). In fact, the concentration of H2S can be taken as an 
indicator of the degree of inhibition of methane production by methanogenic bacteria 
Karhadkar (Gerardi 2002). The removal of dissolved H2S from the sludge can therefore 
prevent inhibition of methanogenic bacteria and also reduce the odour of the digested 
sludge. 
              
Figure 6.5: Cumulative hydrogen sulphide production in the airlift digester with 
periodic nitrogen bubbling compared to the conventional unsparged digester. 
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at the top of the digester. This can be further improved by mixing of the digested sludge 
to provide intimate contact between sludge and bubbles of biogas or headspace. 
However, the rheological characteristics of digested sludge at high solid loading require 
a high energy input for mixing. The airlift digester with gas sparging can provide better 
gas transfer with lower energy requirements. 
The stripping of two other gases, hydrogen and ammonia not measured in this study, 
may also have contributed to the improved performance of the airlift digester. Hydrogen 
has a very low solubility in water (more than one order of magnitude less than that of 
methane) and its effects were discussed earlier. Ammonia, on the other is highly soluble 
and has been shown to be an inhibitor of methanogenesis
 
(Sung and Liu, 2002). A few 
industrial and lab studies have demonstrated the feasibility and efficacy of stripping 
ammonia from the digester supernatant using air columns (Siegrist et. al. 2005; Katehis 
et. al. 1998) In summary, whichever dissolved gas species (or combination of gases) is 
limiting, the enhanced productivity demonstrated in these results provide a clear 
motivation for using the better mass transfer of the airlift digester. 
The results presented here demonstrate that enhanced removal of gases in the airlift 
reactor can lead to significant increase in methane productivity and this is therefore a 
fruitful area of further research. 
The present chapter addresses also utilization of microbubble generated by fluidic 
oscillator with a gaslift bioreactor (GLR) for removal of acid gases (CO2 and H2S) from 
digested sludge. The hydrodynamic stabilisation, longer residence times, and low 
energy demands could be achieved by using this technique. Al-Mashhadani et al.(2012) 
used this technology for stripping carbon dioxide. They reported that the efficiency of 
CO2 stripping was about 29% more than that for fine bubble sparging. Therefore, the 
present chapter suggested, also, using this technique with gaslift digester for removal 
the acid cases. 
Anaerobic digester, which operates with fluidic oscillator, was added to previous setup 
that illustrated in section 3.3 of chapter three.   
6.3 Results and Discussion of Using Microbubbles Technology  
Figure 6.6 shows trends of carbon dioxide production rate in the anaerobic digester with 
and without N2 gas sparging. It is obvious that the bubbling system in the gaslift 
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digester, highly contributed in stripping of produced carbon dioxide. With the use of 
micro-bubble technology of N2 gas sparging, the CO2 production has increased 
compared to that for the conventional digester.  
           
Figure 6.6:  Cumulative carbon dioxide production in airlift digester with and without 
nitrogen bubbling 
Experimentally, the characteristic complexity of the sludge has played an important role 
in enhancement of biogas stripping.  The characteristics of digested sludge require a 
high energy to achieve good mixing. Using a gaslift digester with microbubble 
generated by fluidic oscillation, with low energy requirements, can contribute to remove 
most of the generated hydrogen sulphide. Figure 6.7 shows the hydrogen sulphide 
removal from digested sludge during nitrogen bubbling. The figure indicates with one 
hour of nitrogen, sparging as microbubbles increased removal of hydrogen sulphide as 
order of magnitude more than the unsparged conventional digester.  
From above, it can be summarised that the benefits of a gaslift bioreactor with 
microbubbles are illustrated through above results. Low energy, good mixing, and 
enhancement of gas stripping are the most important of characteristics of the gaslift 
bioreactor that were utilized in this study. More stripping of carbon dioxide and 
hydrogen sulphide were obtained from this utilization. Finally, the current study has 
shown one of important applications, which utilized the proposal design and micro-
bubble generated by fluidic oscillator with great mixing for stripping with lower energy 
requirements. In addition, there are various applications which take advantage of this 
technology. The results which obtained from this study, showed, also, that using the 
gaslift bioreactor with microbubble technology can leads to increase the efficiency of 
mass transfer between gas-liquid contact systems.  
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Figure 6.7:  Cumulative hydrogen sulphide production in anaerobic digestion with and 
without nitrogen sparging 
 
6.4 Summary 
This chapter addresses further anaerobic digestion of already digested sludge by 
processing in an airlift bioreactor and, in particular, the effect of periodic sparging using 
nitrogen gas. As mentioned earlier the organic matter is broken down through four 
biodegradation stages into methane (CH4), carbon dioxide (CO2), varying amount of 
hydrogen sulfide (H2S), and the digested sludge, which can be used for fertilizer. The 
remaining dissolved gases in the digested sludge have a pejorative effect on the 
environment when they are eventually released, as well as causing operational 
difficulties. Moreover, the continuous generation of biogas in the sludge increases 
cavitation phenomena and the accompanying pump load. Removal of these gases is 
investigated by a bubbling system. An airlift (ALR) was used as an anaerobic digester 
in the present research to remove the generated gases, (e.g. CH4, CO2, and H2S) thereby 
reducing odour. The experimental data shows that the cumulative methane production 
from the airlift anaerobic digester is 29% more than observed in the conventional 
anaerobic digester. We also find  that the methane hold-up in the unsparged 
fermentation medium, either in dissolved form, as small trapped bubbles, or in the 
headspace is equivalent 30% of digester volume suggesting a high degree of super-
saturation that possibly limits its production. Throughout 170 hours of processing, there 
was also a significantly greater removal of carbon dioxide and hydrogen sulphide in 
airlift digester over the conventional digester. 
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The present chapter studies also the mechanism of post anaerobic digestion of digested 
sludge for removal of acid gases (CO2 and H2S) using microbubbles generated by 
fluidic oscillator. Throughout seven days of processing, the experimental data showed 
that the removal of carbon dioxide and hydrogen sulphide were more than that for the 
conventional digester. 
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Investigation of the Effect of Sparging in 
Anaerobic Digestion Using Various Gases and 
Microbubbles Generated by Fluidic Oscillation 
 
1. Sparging using nitrogen: Part I 
2. Sparging using nitrogen and carbon dioxide: Part II 
3. Recycling the diluted and undiluted biogas: Part III 
4. Sparging using carbon dioxide: Part IV 
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Chapter Seven  
 
Investigation of the effect of sparging in anaerobic digestion 
using various gases and microbubbles generated by fluidic 
oscillation 
 
 
7.1 Introduction 
Convincing results from previous investigations have shown the importance of the 
removal of gases from biological processes in increasing production of hydrogen and 
improving the overall efficiency of the process. Reduction of the partial pressure of gas 
can be achieved by a variety of means. Selection of the appropriate method depends on 
many parameters, such as the efficiency of the removal process, the type of gas that 
requires removal, and the cost of installation and maintenance. Park et al. 2005 and 
Alshiyab et al. 2008 have used C.acetobutylicum NCIMB 133357 and KOH, 
respectively, to remove carbon dioxide from the headspace of the bioreactor. Other 
researchers (Tanisho et al.1998; Mizuno et al. 2000; Kim et al. 2006; Kraemer and 
Bageley, 2008;  Nath and Das 2004; Hussy et al. 2005; and Kyazze 2006) have used a 
range of sparging gases (e.g. N2, H2, and CO2) in bio-hydrogen production process to 
remove H2 and  CO2. Corte et al. 1988, used Rhodomicrobium Vaniellii ATCC 17100 
bacterium, which utilizes hydrogen and carbon dioxide, in reducing both gases and also 
used sulfate-reduction bacteria to remove hydrogen gas only. 
This chapter discusses the use of a sparging system to remove the biogas produced from 
anaerobic digestion under mesophilic conditions (35
o
C). Over an experimental period of 
more than 200 days, an airlift anaerobic digester was employed to investigate the effects 
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of the sparging system on the efficiency of biogas production using different gas types, 
such as pure nitrogen, a mixture of nitrogen and carbon dioxide, biogas (methane and 
carbon dioxide), and finally, pure carbon dioxide. These experiments were carried out 
using microbubbles generated by fluidic oscillation except, for technical reasons, in the 
case of the recycling of biogas (methane and carbon dioxide). The chapter presents and 
discusses the results obtained from the experiments using different concentrations of 
different gases and their effects on biogas production in anaerobic digestion. The study 
comprised the following stages: 
Part I : Sparging using nitrogen 
Part II: Sparging using nitrogen and carbon dioxide 
Part III: Recycling biogas in anaerobic digestion and diluting biogas with carbon 
dioxide 
Part IV: Sparging using carbon dioxide 
 
7.2 Sparging Using Pure Nitrogen 
The bubbling system has been widely used in single stage biological processes. 
However there have been very few, if any, applications in multistage processes that use 
different bacteria in more complex biological transformations. One such application that 
requires further investigation is anaerobic digestion. This process, as mentioned earlier, 
uses a number of stages to produce hydrogen, carbon dioxide, and methane. In addition, 
there is a mutually beneficial relationship between the bacteria since the product of one 
type of bacteria produces the feed for another type.    
The main hypothesis of this part is that the use of inert gas in a bubbling system leads to 
an increase in biogas production by reducing the partial pressure of methane and carbon 
dioxide. As mentioned in the literature survey, reduction of the partial pressure of 
products contributes to a change in the Gibbs free energy value leading to an increase in 
the yield of those products.  
The benefits of using microbubbles generated by a fluidic oscillator are investigated in 
this chapter as well as the effects of sparging time as a parameter on biogas production. 
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7.2.1 Results and Discussion: Part I 
Stripping the biogas produced from the fermentation process is done in order to convert 
unfavourable reactions into favourable reactions by maintaining low partial pressure of 
these gases or providing a convenient environment to produce more gases. This aim is 
achieved through sparging of inert gases in the fermentation processes. As mentioned 
above, previous researchers have demonstrated that there is a significant increase in bio-
hydrogen yield if nitrogen is used as an inert gas in this sparging process. However, this 
does not mean that sparging with inert gases will lead to an increase in biogas 
production in all bioprocesses. Some bioprocesses are more complex than bio-hydrogen 
processes because they comprise multiple stages and use multiple types of bacteria. 
Moreover, each stage is dependent on previous stages of the same bioprocess.    
This chapter deals specifically with the anaerobic digestion process which is important 
in wastewater treatment plant and takes place by means of multiple stages. Conflicting 
requirements among the bacteria in these stages complicate decisions on which gases 
should be removed to increase the biogas yield. For example the hydrogen produced in 
the fermentation stage is used by another type of bacteria (methanogenic bacteria) in a 
syntrophic relationship. Stripping the hydrogen allows the products of the reaction in 
the fermentation stage to be increased and reduces the amount of volatile fatty acid. On 
the other hand, the methanogenic bacteria are affected by this removal process, since 
hydrogen is required for the production of methane. In order to investigate this situation, 
six different operational conditions were used in this part of this study.  
The materials and methodology used in the present study was explained in part 3.5.1 of 
chapter three. Figure 7.1 shows the cumulative methane production from three 
anaerobic digesters: a gaslift digester operating with fluidic oscillator, a gaslift digester 
operating with without fluidic oscillator and a conventional digester. All three digesters 
were operated for 12 days. The time taken for sparging with pure nitrogen in this stage 
was about 100 min daily, while the flow rate was about 300±50 ml/min. The figure 
indicates that during the first eight working days, the accumulated methane production 
from the sparged digesters was more than that produced from the control digester. But 
this does not mean that methane production increased throughout the entire period. 
Figure 7.2 illustrates that the methane produced from the sparged digesters decreased 
from day to day, while the amount of methane produced by the traditional digester 
remained more or less stable throughout the test period. Therefore, there was slightly 
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more total methane production in the traditional digester than in the other digesters. On 
the other hand, the sparged digesters produced more carbon dioxide than the control 
digester throughout the test period although production decreased daily, as is shown in 
the Figures 7.3 and 7.4. It seems that the stripping process removed all the biogas found 
in the digester: either as dissolved gas, bubbles, or in the headspace and, in addition the 
growth of anaerobic bacteria was slow. Therefore, extra processing time is needed as 
compensation for the shortfall in biogas. 
         
Figure7.1:  Cumulative methane production from the sparged digesters and unsparged 
digester in the first stage 
 
       
Figure7.2: Methane produced from the sparged digesters and unsparged digester in the 
first stage 
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Figure 7.3: Cumulative carbon dioxide production from the sparged digesters and 
unsparged digester in the first stage 
 
 
Figure 7.4: Carbon dioxide produced from the sparged digesters and unsparged digester 
in the first stage 
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unnecessary the additional 40 of minute stripping in the previous experiment. In 
addition, the decline in methane production was less than that in the first stage as is 
shown in Figure 7.5; however, the cumulative methane production in the traditional 
digester still exceeds that of the other digesters according to Figure 7.6. 
 
Figure 7.5: Methane produced from the sparged digesters and unsparged digester 
in the second stage 
 
Figure 7.6: Efficiency of cumulative methane produced from the sparged 
digesters and unsparged digesters in the second stage 
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the sparged digesters increased significantly. However, they both produced less methane 
than the unsparged digester (control digester), as can be seen in Figures 7.7 and 7.8. 
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Figure 7.7: Methane produced from the sparged digesters and unsparged digester 
in the third, fourth, and fifth stages 
 
       
 
 
 
 
 
 
 
 
Figure 7.8: Efficiency of cumulative methane production from sparged digesters 
and unsparged digester third, fourth, and fifth stage 
 
In the final stage of this part of the experiment, there was no sparging of pure nitrogen 
in either sparged digester. As evidenced by the methane remaining in the digester, the 
amount of methane produced was relatively small. Subsequently, the production of 
methane increased significantly due to saturation of the sludge with methane, as shown 
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shown in the Figure 7.10.  
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Figure 7.9: Methane produced from the sparged digesters and unsparged digester 
in the sixth stage 
                 
 
Figure 7.10: Efficiency of cumulative methane production from the sparged digesters 
and unsparged digester during the sixth stage 
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stages of the experiment, especially when the sparging time was 100 or 60 min. This 
decline then started to slow down when the sparging period was reduced to 30, 15 and 5 
min. A big increase in methane production was achieved when the sparging with 
nitrogen was stopped completely. 
 
 
 
Figure 7.11: Methane produced from the sparged digesters and unsparged digester  
 
 Figure 7.12 shows the methane production before and after the sparging process in the 
gaslift digester. The results were compared with those for methane production in the 
control digester. The results indicate that the use of nitrogen for sparging in the gaslift 
digester leads to a decrease in methane production, with a subsequent return to normal 
methane production when the sparging process is stopped. 
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Figure 7.12: Methane produced from the sparged digester (before and after sparging the 
process) and in the unsparged digester 
 
Figure 7.13 shows that the methane to carbon dioxide ratio reduces since the carbon 
dioxide produced in the acidogenesis stage and the acetogenic stage is stripped directly 
from the sludge by the sparging process. However, it should be noticed that the rate of 
which the ratio increased when sparging was stopped depends on the activity of the 
bacteria.  
        
         Figure 7.13: Methane to carbon dioxide ratio throughout the experiments   
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7.2.2 Effect of Microbubbles Generated by a Fluidic Oscillator 
It has become known that using microbubbles generated by a fluidic oscillator in gas-
liquid systems increases the contact area and residence time and thus improves the mass 
transfer rate between the two phases. This behaviour was demonstrated theoretically and 
experimentally in chapter three. However, the results obtained from this part of the 
study did not clearly distinguish the effects of micro-bubble and fine bubble systems on 
the production of methane using gaslift anaerobic fermentation system.  
It can be seen that the effect of fine bubbles is roughly similar to that of the 
microbubbles. This is due to the fact that there was “excess” sparging in the experiment 
so the benefits of microbubbles compared to fine bubbles are not apparent. In other 
words, both technology (fine bubble and microbubble) provided similar stripping of 
gases for the relatively long sparging durations used.    
We speculate that most of the gases were stripped in a short time which is why the 
length of bubbling times has little effect in this experiment.  
7.2.3 Conclusion: Part I 
Application of an airlift bioreactor for anaerobic fermentation was explored in this part 
of the investigation. Pure nitrogen was used for sparging using fine bubble and 
microbubbles generated by fluidic oscillator. The results obtained from the experiments 
show that the sparging process, using pure nitrogen in anaerobic fermentation to 
breakdown organic matter, has a negative effect on biogas production generally and on 
methane production especially. Less methane was produced in the airlift digester, with 
or without microbubbles than produced from the unsparged digester. Even when the 
sparging time was changed, the situation remained the same, although the decline in 
methane production was less when the sparging period decreased. Cessation of sparging 
led to a return of the production of methane to expected levels. It can be concluded that 
the use of sparging has an effect across the different stages of methane production, since 
the process does not just strip methane gas produced in the final stage, but also strips the 
carbon dioxide and hydrogen that are necessary for other bacteria involved methane 
production. The effects of sparging are therefore more complex than in bio-hydrogen 
fermentation, since anaerobic digestion involves gaseous intermediates (H2, CO2). 
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7.3 Sparging Using Nitrogen and Carbon Dioxide: Part II 
Based on thermodynamic fundamentals, reducing the partial pressure of a product leads 
to an increase in the yield due to an increase in the absolute Gibbs free energy. This 
finding has been reported by many researchers. However, the data reported in the 
previous part of the current chapter demonstrated different results when the sparging 
system was applied to give a reduction of the partial pressure of the product gases in the 
anaerobic digester. The production of methane from the sparged digesters was less than 
in the conventional digester (control digester). The results indicated that stripping of 
methane was accompanied by removal of carbon dioxide, which is necessary for 
secondary production of methane by methanogenic bacteria. Therefore, when the 
sparging with pure nitrogen was stopped, the production of methane returned to normal 
levels.  
The current part of the investigation aims to explore further the impact of sparging on 
methane production in anaerobic digestion. During 65 days of continuous experiments, 
the effects of sparging were studied based on different periods of sparging time under 
mesophilic conditions.     
7.3.1 Results and Discussion: Part II. 
The results obtained from the experiments in the first part indicated that a potential 
reason for the reduction of methane is that sparging the digester with pure nitrogen 
leads to stripping of the carbon dioxide, which is then not present in sufficient quantities 
for the hydrogen reducing bacteria to produce methane. Therefore, when the sparging 
process ceased for many days, the production of methane returned to normal levels. 
The idea of this experiment was to sparge with carbon dioxide after nitrogen to 
replenish any carbon dioxide stripped out during the nitrogen sparging. The results in 
current study were obtained according to the materials and methodology that has been 
explained in part 3.5.2 of chapter three. The first regime of sparging ever day lasted for 
7 working days. Figure 7.14 shows the cumulative methane production during this 
stage. The cumulative methane production from the gaslift digester was about 120% 
more than that from the control digester. Figure 7.15 shows that large amount of 
methane was obtained during sparging with pure nitrogen and carbon dioxide. However, 
the yield of methane fell from day to day as shown in the Figure 7.16.         
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Figure 7.14: Cumulative carbon dioxide produced from the sparged digester and 
unsparged digester in the first stage 
 
        
 
Figure 7.15: Methane produced from the sparged digester (before and after the sparging 
process) 
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Figure 7.16: Methane produced from sparged digester and unsparged digester in the first 
stage 
 
The current study hypothesized that daily sparging was recovering too much hydrogen 
and therefore having deleterious effect on methane production. Therefore the decision 
was to reduce the frequency of sparging. 
For the sparging regime in the second stage, sparging of the gaslift digester with pure 
nitrogen and carbon dioxide was carried out every 48 hours. Figure 7.17 indicates that 
the production of methane increased slightly during these periods of operation.  
          
 
Figure 7.17: Methane produced from sparged digester and unsparged digester in the 
second stage 
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The efficiency of methane production in both digesters (i.e. gaslift reactor and 
unsparged digester) was estimated for the first stage and second stage and the results are 
collated in the same Figure 7.18. Although the efficiency of methane production in the 
gaslift digester in the first stage was greater than that of the unsparged digester, the 
efficiency decreased continuously. However in the second stage, the decline in the 
efficiency of methane production was reduced. 
    
Figure 7.18: Efficiency of cumulative methane production from sparged digester and 
unsparged digester in second stage 
 
As discussed above, the production of methane in anaerobic digestion requires the 
presence of carbon dioxide and hydrogen, as reactants, at the same time. The period of 
bubbling was therefore increased to allow the bacteria to produce more hydrogen to 
react with the carbon dioxide. However, stopping the sparging process in the gaslift 
anaerobic digester for 48 hours did not achieve the effect of increasing methane 
production within this digester. According to the results, the production of methane was 
stable at 1.7 litres per day. This equalled the amount of biogas produced in the 
conventional digester; thus, the efficiency was about zero during this period. However, 
cumulative methane production by the gaslift digester was about 52% more than that of 
the unsparged digester due to the increased rate of production in the initial daily 
sparging stage as can be seen in the Figure 7.19. 
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Figure 7.19: Cumulative carbon dioxide production from the sparged digester and 
unsparged digester up to the second stage 
 
In the third stage, the gaslift digester was sparged every 72 hours (3 days). The period 
of operation was 12 days. Again, the target of this stage was to provide enough time to 
generate hydrogen to react with carbon dioxide via methanogenic bacteria to produce 
methane. Figure 7.20 displays methane production from the gaslift and conventional 
digesters, while Figure 7.21 shows the efficiency of methane production in the gaslift 
digester compared with the unsparged digester for days 21 to 29 of the period of 
operation.  
     
Figure 7.20: Cumulative carbon dioxide production from the sparged digester and 
unsparged digester up to the third stage 
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Figure 7.21: Efficiency of cumulative methane production from the sparged digester and 
unsparged digester up to the third stage 
 
It can be seen that the effect of sparging once every three days is to give stable daily 
methane production at a very similar rate to the unsparged reactor. Indeed, when the 
frequency of sparging was reduced still further to once every five days and lower, the 
same results was observed. In other words, the daily production rates of the sparged and 
unsparged digester are very similar and quite constant over time. 
 The gaslift digester produced less methane than the conventional digester. The 
efficiency remained at around -6%. Although the unsparged digester produced more 
methane than the gaslift digester, cumulative methane production from the gaslift 
digester still exceeded that of the conventional digester because methane production in 
the unsparged digester was less than the cumulative methane production in the gaslift 
digester in the first days, as shown in the Figure 7.22. It seems that stopping the 
sparging for a longer period increases the amount of methane stripped from the sludge; 
however, it is difficult to strip more methane than the amount found originally in the 
digester, either as bubbles, dissolved, or in the headspace of the digester. This is evident 
from the results obtained from the subsequent tests whereby the sparging process was 
stopped for 8 and 13 days as illustrated in Figure 7.23. 
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Figure 7.22: Cumulative carbon dioxide production from the sparged digester and 
unsparged digester up to fourth stage 
 
           
 
Figure 7.23: Cumulative carbon dioxide production from the sparged digester and 
unsparged digester up to fourth stage 
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compensate the stripped biogas. Therefore, it can be seen that the amount of methane 
increases when the non-sparging time increases. 
        
                   Figure 7.24: Average methane production from sparged digester  
As is well-known, the solubility of methane in distilled water is about 0.017 mg/l, this 
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0.24 L. However, the volume of methane stripped from the sludge was about 2.5 L (i.e. 
25% of the gaslight digester’s volume). This means that methane held in the unsparged 
digester, either in dissolved form or as small trapped bubbles was the equivalent of up 
to 12 times its solubility in distilled water. In fact, density, viscosity, and bubbles size 
are important parameters in determining the terminal velocity of the bubbles in the 
fluid, according to Stok’s equation. In addition, the suspended solids in the sludge 
present obstacles that significantly hamper even the big bubbles from rising to the top. 
The sparging process contributes to moving the suspended solids away from the big 
bubbles, thus the effect of suspended solids on the rising biogas bubbles is reduced, 
whilst, the small bubbles become attached (by coalescence) to nitrogen bubbles to form 
big bubbles that are able to overcome the effects of the physical properties of the sludge. 
Thus, when the bacteria produce biogas, that biogas dissolves in the sludge until a state 
of equilibrium is achieved, and then the remaining bubbles either stay as bubbles or rise 
upward and leave the sludge.  
In the conventional digester, because the sludge is already over-saturated, the methane 
produced from the anaerobic bacteria will leave the digester directly in bubbles, and go 
0 
0.5 
1 
1.5 
2 
2.5 
3 
1 2 3 4 5 6 7 9 11 13 15 17 20 23 26 29 34 39 44 52 65 
A
v
er
a
g
e 
m
et
h
a
n
e 
p
ro
d
u
ct
io
n
 (
li
tr
e)
  
Time (day) 
Investigation of the effect of sparging in anaerobic digestion                                Chapter Seven 
 
Mahmood K. H. Al-Mashhadani                                                                                                                          174 
 
into the collector.  Therefore, the sparging process will help to remove all methane 
(dissolved or remaining bubbles) from the sludge. Meanwhile, the anaerobic bacteria 
will continue to produce methane until the sludge reaches a state of saturation. Then, the 
sparging process can be repeated. The time required to reach a state of saturation with 
methane depends on the activity of the anaerobic bacteria. 
The headspace also contains some biogas, since the pressure in this area of the reactor is 
1 atm, as mentioned in chapter six part II; therefore, the biogas exiting from the sludge 
in the gaslift digester remains in the headspace until the pressure increases to more than 
1 atm. In addition, biogas can be stripped if the digester is sparged with pure nitrogen or 
any other gas, whilst increasing the sparging time does not lead to the stripping of any 
more methane than that originally found in the sludge or in the headspace. In addition, 
the growth of anaerobic bacteria is very slow, as was demonstrated in our separated 
experiments. The aim of those experiments was to discover how long a period of 
anaerobic digestion was needed to produce normal concentrations of methane in 
mesophilic conditions. Same lab-scale digesters were used for this process and under 
the conditions shown in the Figure 7.25.  
                                           
              Figure 7.25: Schematic of experimental work used in the separated tests  
Figure 7.26 shows methane produced from the anaerobic digester in the separated 
experiment, while Figure 7.27 illustrates the concentration of methane and carbon 
dioxide in the biogas produced from the same digester. It can be seen that 19 days were 
required to achieve the desired concentration of methane and carbon dioxide when 
depending on the activity of the bacteria. 
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         Figure 7.26: Methane and carbon dioxide produced from anaerobic digestion  
 
         
             Figure 7.27: Percentage of methane and carbon dioxide in the biogas 
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digester and the conventional digester. The methane concentration in the biogas 
produced by the gaslift digester decreases in the first stage, whilst it begins to increase 
in the following stages (stages 2, 3, 4, 5, and 6). 
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Figure 7.28: Percentage of methane produced in the sparged digester and unsparged 
digester 
The lower methane production of the first stage was particularly apparent in the first six 
days (about 12%), while in the fifth stage, the percentage of methane in the biogas rose 
to about 40%. This increase in the concentration of methane in the produced biogas 
reduces the difference in the amount of methane produced in the gaslift and 
conventional digesters. 
7.3.2 Application of Microbubbles Technology   
The innovative approach of using microbubbles generated by a fluidic oscillator was 
applied in the experiments in this part of the study. The experiments gave positive 
results on the rate of transfer of gases from the sludge to the gas bubbles, as shown in 
Figure 7.29. The cumulative methane production from the digester operated with 
microbubbles is larger than that of the digester operated with fine bubbles. However 
when results were compared with those obtained from the conventional digester, it was 
found that application of this innovative approach to a sparging system in anaerobic 
digestion did not lead to an increase methane production as is illustrated in Figure 7.30. 
The figure suggests that efficiency of methane production decreases significantly, even 
when the microbubble technique is used in anaerobic digestion. 
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Figure 7.29: Cumulative methane production from the gaslift digester using 
microbubbles generated by a fluidic oscillator, gaslift digester without fluidic oscillator, 
and unsparged digester 
            
Figure 7.30: Efficiency of methane production from a gaslift digester using 
microbubbles generated by a fluidic oscillator and in a unsparged digester 
7.3.3 Conclusion: Part II 
This part of the study has tested the hypothesis that compensation of carbon dioxide 
stripped by sparging using pure nitrogen can increase methane production. The results 
obtained were based on seven stages of testing, with different sparging frequencies. The 
data illustrated that the sparged digester produced less methane than the unsparged 
digester, even when the non-sparging periods were increased. The results indicated that 
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compensation of carbon dioxide in the sparged digester does not lead to increased 
production of methane, even for very infrequent patterns of sparging. 
It was found in this part of the study that the application of microbubbles generated by a 
fluidic oscillator in a sparging system does not give a sustainable increase in methane 
production in comparison to methane production in a conventional anaerobic digester. 
7.4 Recycling the Undiluted Biogas in Anaerobic Digestion 
and Diluted Biogas with Carbon Dioxide: Part III 
According to our previous experiments, sparging in anaerobic digestion leads to an 
initial increase in methane yield, whilst a subsequent reduction in methane yield is then 
observed. It seems that the stripping process leads to the stripping of other gases, for 
instance, carbon dioxide and hydrogen, which are required in order for the bacteria 
present to produce methane. In fact, stripping the carbon dioxide from the digestion 
process not only affects the ability of hydrogen-reducing bacteria to produce methane, 
but also affects acetogenic bacteria that convert propionate and butyrate to acetate, 
which is consumed by methanogenic bacteria to form methane. Therefore the stripping 
system using pure nitrogen in anaerobic fermentation can inhibit the activity of these 
two types of bacteria (acetogenic and methanogenic bacteria).  
As was discussed in the second part of this chapter the additional sparging with carbon 
dioxide after nitrogen sparging in order to replenish it did not produce a sustained 
increase in methane yield as compared with that in the unsparged digester. 
However the carbon dioxide sparging did have some compensatory effect since the 
reduction in methane production between the unsparged digester and sparged digester 
was less than that observed in the experiments in the first part of this chapter, where 
pure nitrogen was used in the sparging system.  
Based on the results obtained from the two previous experiments, recycling of the 
biogas produced from the digester will now be discussed. The targets were to increase 
the mixing efficiency, stripping the biogas produced and to increase the amount of 
biogas concentrated in the digester. These aims were pursued by conducting two 
experiments:  
1. Recycling the undiluted biogas in the digester. 
2. Recycling the biogas after dilution by adding carbon dioxide.      
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7.4.1 Results and Discussion: Part III. 
7.4.1.1 Recycling the Undiluted Biogas 
As mentioned earlier, sparging in the gaslift digester using pure nitrogen leads to 
stripping of other gases that are required for certain bacteria to produce methane. To 
investigate this carbon dioxide was compensated for the second experiment.  
The experiment in this part of the study was aimed at maintaining the concentration of 
biogas in the sludge by recirculation of biogas produced in the same digester. The study 
in this part depended on the setup of experiment that explained in parts 3.5.3 and 3.5.3.1 
of chapter three. Figure 7.31 represents methane production from sparged and 
unsparged digestion. It can be clearly seen that more methane was produced from the 
sparged digester than from the unsparged digester. This behaviour was not evident in 
previous experiments when either nitrogen or nitrogen-carbon dioxide were used.  
               
    
Figure 7.31: Methane produced from sparged and unsparged digester 
In addition, the conventional digester produced less methane than the sparged digester 
for the first 37 days. Then, the pattern of behaviour changed, since the unsparged 
digester began to produce more methane than the other digesters, especially between 40 
and 46 days. The reason for this reduction is that sedimentation of suspended solids 
occurred in the conventional digester, which made the sludge lighter than the sludge in 
the other digesters. This process contributed to a reduction in thermal resistance, thus 
the heat transfer flux to all areas of the reactor increased. As a result, during days 40-46 
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then unsparged (conventional) digester was operating closer towards thermophilic 
operation (i.e. temperature= 42 
o
C) and this gave temporarily increased methane 
production until this issue was rectified. The problem was addressed by changing the 
setting on the controller to ensure that all the digesters were operating at 35
o
C as shown 
in Table 7.1. After fixing the problem, methane production in the unsparged digester 
returned to normal. 
Table 7.1: The temperature of the sludge before and after adjusting the setting of the 
controller 
 
7.4.1.2 Recycling the Diluted Biogas 
In the second section, the methane concentration in biogas produced from sparged 
digestion was diluted by carbon dioxide as was described earlier. 
The aim of the dilution was to strip more methane from the sludge, since the transfer of 
methane from the liquid phase to the gas phase increases when the concentration of 
methane in the bubbles is less than that in the sludge. The results in current study were 
obtained according to the materials and methodology that has been explained in parts 
3.5.3 and 3.5.3.2 of chapter three. Figure 7.32 shows the cumulative methane 
production from the conventional digester and sparged digester after dilution of the 
biogas.  
Whilst similar problems occurred to those experienced in the previous part, the 
cumulative methane production was higher than with conventional unsparged operation. 
Recycling the biogas to the anaerobic digester in both cases led to an increase in 
methane production, maintaining the concentration of gases in the digestion, improving 
the efficiency of mixing and preventing the formation of thermal layers in the reactor. 
 More importantly, the work described here has furthered the development of a novel 
heating system for anaerobic digestion, which was adopted mainly on the basis of the 
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results of this experiment and subsequent experiments discussed in the latter part of this 
chapter. The proposed heating system for anaerobic digestion will be explained in 
chapter eight of this thesis. 
 
             
Figure 7.32: Cumulative methane production from sparged digester and unsparged 
digester. 
The data obtained from the experiment illustrated that recirculation of biogas (either 
pure gas or biogas diluted with carbon dioxide) in anaerobic digestion did not, contrary 
to previous studies, reduce the performance of the digestion, although the proportion of 
methane in the gas phase reached as much as 60%. In fact, we observed an increase in 
the total methane produced by using sparging with both undiluted recycled biogas as 
well as recycled biogas that had been diluted by carbon dioxide. Thus the bio-
degradation steps continued without any negative effect on the production of methane. 
Low solubility of methane in the liquid and high carbon dioxide concentration in the 
biogas contributed to controlling the solubility of methane in the liquid phase. 
On the other hand, the presence of methane gas and carbon dioxide together helped in 
controlling the environment of the whole process. Indeed, the methane acted as a 
determinant of the amount of carbon dioxide dissolved in the liquid phase. Therefore, it 
can be noted that the pH value remained within the required level as shown as in the 
Figure 7.33. 
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Figure 7.33: pH values in the sparged digester (before and after bubbling process) 
In addition the recycling process causes stripping of hydrogen sulphide, the presence of 
which has a negative effect on the efficiency of methanogenic bacteria in the digester. 
7.4.2 Conclusion: Part III 
 The effects of recycling biogas on the efficiency of anaerobic digestion were 
investigated in these experiments. Two experiments were carried out to explore the 
recirculation process. The first experiment involved recycling pure biogas, while the 
second experiment involved recycling diluted biogas (20 % methane and 80% carbon 
dioxide). 
The results obtained from these experiments demonstrated that recycling the biogas 
does not reduce the efficiency of the process; in fact, the data show that the gaslift 
anaerobic digester produced more methane than the unsparged digester.     
These results led to the development of the heating system for anaerobic digestion, 
which has been adopted mainly on the basis of results of this experiment. The heating 
system, which will be explained in chapter eight of this thesis, involves utilisation of 
recycled biogas for the purposes of improved flow dynamics, mass transfer and heat 
transfer when compared to conventional unsparged digesters.  
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 7.5 Sparging Using Pure Carbon Dioxide: Part IV 
The present study involves sparging pure carbon dioxide into an anaerobic digester 
where the organic matter is broken down by the microorganisms in the absence of 
oxygen. Carbon dioxide, which represents an electron acceptor, reacts with hydrogen to 
form one-third of the methane produced; while two-thirds are formed from acetate 
through aceticlastic methanogenesis.   
The sparging process was carried out using microbubble generated by fluidic 
oscillation, of which the main principles were described in chapter two, while an 
investigation of the benefits of microbubble was conducted in chapter three and four. 
7.5.1 Results and Discussion: Part IV. 
In anaerobic digestion, methane production by methanogenic bacteria is carried out via 
two routes: fermentation of acetate and the bio-reaction of carbon dioxide and hydrogen 
according to the following equations:  
            
                         
              
      
                                          
             
                                          
                                   
                                   
In spite of the absolute Gibbs free energy of acetate reduction being less than that of 
hydrogen reduction, the first reaction produces more methane than the second reaction 
(Metcalf and Eddy, 1991).  
In addition, carbon dioxide is used for the formation of acetate, which represents an 
essential material in the production of methane from butyrate and propionate, as is 
shown in the following equation.  
       
                      
                               
                                                       
       
                         
                    
                                                 
Therefore, sparging with carbon dioxide increases the production of methane from 
carbon dioxide with hydrogen also increase methane production for the fermentation of 
butyrate and propionate to produce acetate, which also converts to methane. 
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Materials and methodology used in the current study was explained in part 3.5.4 of 
chapter three. Figure7.34 shows that the digester sparged by carbon dioxide produces 
more methane than the conventional digester. 
            
 
Figure 7.34:  Methane produced from the gaslift digester and unsparged digestion over 
19 days of operation 
 
Sparging the carbon dioxide also helps in the removal of methane found in the 
headspace of the digester. After the sparging process is complete, the equilibrium partial 
pressure of the methane in the headspace is reduced from the value before sparging. The 
methane level increase as the methane found in the sludge or produced from the bacteria 
is transferred to the headspace without sparging. 
High interfacial area, generated by the small microbubble size, and the low solubility of 
methane are parameters that play an important role in this process, since the use of the 
sparging system removes the largest amount of methane in a shorter time and has less 
effect on the value of the pH which is quickly compensated and controlled at the 
required level; thus the process did not require any further modification of pH value, as 
can be seen from Figure 7.35. The results show that production of methane in the 
digester with carbon dioxide exceeded the quantity produced by the other digester 
(unsparged digester) by 109% as shown in Figure 7.36. 
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   Figure 7.35: pH value in the gaslift digester sparged by pure carbon dioxide for 5 min        
 
Figure 7.36: Cumulative methane production from the gaslift digester and unsparged 
digester when the pure carbon dioxide is sparged 
7.5.2 Conclusion Part IV 
This part of the study has investigated the effects of sparging with carbon dioxide in 
anaerobic fermentation. The results showed that the methane produced from the digester 
sparged with carbon dioxide and using microbubbles generated by a fluidic oscillator 
produced more methane than the unsparged digester. The data obtained from the current 
experiments indicate that the sparging system helps in stripping the methane produced 
by anaerobic bacteria. Removal of biogas from the headspace contributes to the transfer 
of biogas dissolved in the sludge to the headspace due to the difference in concentration 
between the two phases (sludge as a liquid and the remaining biogas in the headspace as 
gas).   
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7.6 Summary  
This chapter discusses how a sparging system was applied in anaerobic digestion using 
an airlift bioreactor and different gas types (nitrogen, nitrogen and carbon dioxide, 
biogas (methane and carbon dioxide) and pure nitrogen under mesophilic conditions.  
The results show that the application of the bubbling system with pure nitrogen in 
anaerobic digestion had a negative effect on the production of methane.  This was 
because the sparging system stripped the carbon dioxide and hydrogen that are 
consumed by methanogenic bacteria in a route which normally accounts for 30% of 
total methane production. The results obtained from the experiments also showed that 
compensation with carbon dioxide after nitrogen bubbling does not lead to a sustained 
increase in daily methane production, regardless of the length of the period of sparging. 
This is despite the fact that sparging does initially increase methane production, but this 
is not sustained as was found for sparging with pure nitrogen. The results indicate that 
the daily sparging regime actually leads to a decrease in methane production, but this 
can be corrected by less frequent sparging to give the same production as can be 
achieved in a conventional digester. However, the results also indicated that 
recirculation of biogas in anaerobic digestion process can enhance production of 
methane (10-14%). The results can be utilised in development of heating system in the 
anaerobic digestion.  
In final part of this chapter, anaerobic digester was sparged with pure carbon dioxide for 
short time using microbubbles technology. The results obtained from the experiments 
indicated that methane produced from sparged digester was more than that obtained 
from unsparged digester. According to results obtained from the above experiments in 
fourth parts, effect of sparging system on the methane production at different gases can 
be summarized in the Table 7.2.   
Table 7.2: Effect the sparging system on methane produced from anaerobic digester  
Part Gas used in sparging system Efficiency  
Part I Pure Nitrogen (9%) Negative effect 
Part II Pure Nitrogen + pure carbon dioxide Zero effect 
Part III Recycling the undiluted biogas Positive effect (12-14%) 
Recycling the diluted biogas by carbon 
dioxide 
Positive effect (10-12%) 
Part IV Pure carbon dioxide Positive effect (100-110%) 
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Chapter Eight 
 
Direct-contact evaporation to direct-contact heating as a step 
to improve heating in a biological application 
 
 
 
8.1 Introduction 
Combined Heat and Power engines produce electrical energy by internal combustion of 
biogas generated from anaerobic digestion. As mentioned earlier, CHP is an exothermic 
system thus the heat energy produced can be utilized for heating other endothermic 
bioprocesses such as anaerobic digestion. In wastewater treatment plants, the hot water 
produced from CHP is widely used for heating in anaerobic digestion. However, this 
system still faces several problems. Corrosion and poor heating are serious problems 
that face the development of heating system in anaerobic digestion as well as other 
operational difficulties.   
The current chapter addresses the utilization of the hot exhaust gas produced from CHP 
to supply the heating in anaerobic digestion. The temperature of hot exhaust gas is about 
200-300 
o
C depending on the type and size of CHP. Utilization of hot gas in anaerobic 
digestion can be achieved by direct contact evaporation process (DCE). It is a process 
consisting of a column of liquid through which a superheated gas is bubbled leading to 
increase in liquid temperature depending on the kinetics of mass and heat transfer as 
well as on residence time (GUY et al., 1992). DCE has been used in several applications 
for concentrating heat-sensitive solutions (Ribeiro and Lage, 2005, Zaida et al., 1987, 
Thierbanch and Hanssen, 2002, Ribeiro et al., 2004 and 2005). 
In the present study, direct contact evaporation is converted to direct contact heating, 
since the evaporation of medium is undesirable in biological processes. The dewatering 
has negative effects on the bioprocess because it creates thermal layers with a poor pH 
distribution due to a reduction in the mixing efficiency. Schematic of the integration of 
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anaerobic digestion with CHP suggested in current study has been illustrated in Figure 
8.1. The heat recovery from CHP is achieved by a heat exchanger with the biogas 
produced from the anaerobic digester. Previous chapter demonstrated that the biogas 
produced from anaerobic digestion can be used not only for generating the electricity 
from CHP, but can also be used for mixing the sludge in anaerobic digestion which 
helps prevent thermal layer and create a more uniform acidity in the sludge. It is also 
useful for stripping biogas produced from anaerobic bacteria. Furthermore, the Author 
has demonstrated that the recycle of biogas leads to an increase in methane production.  
Mixing, mass transfer and heat transfer processes can be carried out simultaneously in a 
single bubble column in the anaerobic digestion process.  
 
 
 
 
 
 
 
 
       
 
      
   Figure 8.1: Integration between anaerobic digestion and combined heat and power   
8.2 Objective of the Proposed Heating System 
Application of the proposed heating system has the following advantages:  
1. Heat recovery from the combined heat and power engine (CHP) can be used for 
heating other endothermic processes. 
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2. The CHP is separated completely from the anaerobic digester, thus, any potential 
leakage in heat exchanger would not affect the operation of CHP. 
3. Reduction of the global warming caused by hot gas exhaust produced from CHP.  
4. Maintenance and installation cost are lower compared to conventional heating 
system. 
5. Heat energy provided by hot water produced from CHP could be advantageous used 
to heat other processes.   
6. Lower thermal resistance between the hot bubbles and sludge leads to an increase the 
efficiency of heating system in anaerobic digestion. 
7. Saves the electric power used for mixing system in the anaerobic digestion, since the 
proposed system will provide an efficient mixing system to prevent formation of 
thermal layers and more uniform pH value in all parts of anaerobic digestion. 
8. The proposed heating system uses biogas produced from the same digester, therefore, 
the cost of operation is lower. 
Volume of liquid, heating time, flow rate etc are important parameters that can affect 
the operation of heating system. The dominance of the sensible heat or latent heat can 
be identified by considering these parameters. In the present chapter, the effect of these 
parameters on the heating rate has been studied using a numerical model developed 
using Central Composite Rotatable Design. This numerical model can be used to 
analyse the behaviour of these variables in the process.  
8.3 Results and Discussion  
The key variables that affect the efficiency of evaporation and the water temperature are 
the flow rate of air, water level, and time required for heating. In order to study these 
variables, the temperature of air (in the inlet and outlet stream of the tank) and relative 
humidity were monitored and recorded during all experiments as mentioned in chapter 
three. The preparation of experiments that was explained in part 3.6 of chapter three has 
adopted in present study. The results show that the relative humidity was stable with a 
value of 100% for all the experiments as shown in the Figure 8.2. The inlet air 
temperature during the tests was nearly stable with a value of 135 
o
C, while the outlet 
air temperature was much lower than 135 
o
C. The results, also, showed that the outlet 
air temperature did not exceed 34 degrees during all experiments; however, this value 
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depends on the height of the water level in the tank. Figure 8.3 demonstrates that during 
100 min of sparging process with the hot bubbles, the temperature of air decreased with 
increasing liquid level in the tank.  
                     
 
Figure 8.2: Relative humidity of outlet air 
                 
         
Figure 8.3: The variation of outlet air temperature at different heights of water above the 
ceramic diffuser (2, 4, 8, and 12cm) 
 
The outlet air temperature and relative humidity were used to determine the absolute 
humidity from psychrometric chart. Absolute humidity increases with air temperature, 
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because the relative humidity was constant at a value of 100%. Higher air temperature 
indicates higher absolute humidity as shown in Figure 8.4.  
  
              Figure 8.4: Plot of outlet air humidity versus time for different liquid levels 
Energy of the water molecules is governed by the liquid temperature. Increasing the 
liquid temperature leads to increase this energy.  
Therefore, molecules with energy higher than average energy will escape from liquid 
phase leading to an increase in the saturated vapour pressure. Liquid evaporation is an 
endothermic process, thus, it requires heat which is provided by the hot bubbles. 
Evaporation of the liquid is achieved by heating the water surrounding the bubbles 
without heating the temperature of the water that is at a significant distance from the 
direct-contact process. Therefore, the energy of water molecules in the contact region 
will increase rapidly to a level which allows them to escape from the liquid phase to 
vapour phase. The hot gas bubble, which was injected at the bottom of tank, carries a 
quantity of gained heat. Direct-contact of this bubbles with water leads to (1) transfer of 
heat to liquid phase as sensible heat and (2) evaporation of liquid due to transfer of heat 
as latent heat. Traditionally, the fraction of the original energy converted to latent heat is 
much greater than that transferred as sensible heat during direct contact heating. The 
water level plays an important role in determining which one will be more dominant: 
latent heat or sensible heat. The results show that the final steady state water 
temperature is nearly constant at different water level as illustrated in Figure 8.5. For 
example, the temperature of water rose to 34
 o
C when the level of liquid was 4 cm, 
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while with level at 8 cm, the temperature of liquid reached 33.8
o
C. Thus, the doubling 
liquid volume does not have much effect on the final temperature of water.  
                  
 
                     Figure 8.5: Water temperature at different water levels in tank 
During direct contact evaporation, a fraction of water is evaporated to the vapour phase, 
and, most of the total energy is consumed in the evaporation process, but some portion 
of energy is used to increase the temperature of the water. As the bubbles rise to upper 
layers, they have an opportunity to contact with cooler liquid layers leading to vapour 
re-condensation to the liquid phase. This condensation will lead to the return of the heat 
that was consumed during evaporation, thus the water temperature will rise in the upper 
layers. Consequently the percentage of evaporation of water and humidity decreases 
when the water level is increased as shown in Figure 8.6.  
 
Figure 8.6: Percentage of evaporation at different water levels in tank 
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 Figure 8.7 shows that the temperature of water can be increased by increasing the 
height of water. The upper cold layers are able to reduce the saturation vapour pressure 
of the rising gas bubbles so as to allow re-condensation of the initially vaporized liquid 
which in turn leads to an increase in the water temperature in a particular region. The 
efficiency of this process depends mainly on the height of the liquid, if other variables 
were constant, for instance the type of liquid, initial air temperature, etc                                                                                                                        
         
 
Figure 8.7: Liquid temperature at different liquid level 
As the efficiency of evaporation increases, the efficiency of liquid heating will decrease 
since there will be less contact time between vapour and liquid phase to allow re-
condensation as illustrated in Figure 8.8.  
  
Figure 8.8: Efficiency of liquid temperature at different water levels in column 
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In applications where a liquid temperature rise is required, the liquid level should be 
chosen to optimise sensible heat transfer and minimize evaporation. This may involve 
using an intermediate liquid level. 
8.4 Model Development and Analysis  
8.4.1 Percentage of Evaporation 
In the present study, a CCRD design was used to develop a second order equation with 
the response corresponding to percentage evaporation and the three x-variables 
corresponding to: air flow-rate, liquid level and evaporation time. In this study, the three 
x-variables and their coded levels are given in Table 8.1 
 
Table 8.1: Real and coded levels of operating variables 
Air-inlet flow rate 
(L/min) 
Liquid Level (cm) Evaporation time 
(min) 
Code value 
30 2 40 -1.682 
35 4 70 -1 
40 8 100 0 
45 10 130 +1 
50 12 160 +1.682 
 
Ideally to allow rotatability, the value for α should be 2k/4, which equates to 1.682 for a 
CCRD design of 3 x-variables (Cochran & Cox, 1992, p347; Aslan, 2008; Cukor et al, 
2011).  
Data for percentage evaporation were obtained from different experimental runs within 
the specified design region, after which the coefficients ( O,  i,  ii,  ij) of the second 
order response model will be estimated from the following standard relations. (Cochran 
& Cox, 1992, p350). Table 8.2 presents the coded and real levels of x-variables in a 
central composite design matrix format. 
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Table 8.2:  Coded and real levels of x-variables used in present study         
 
As noted earlier, a total of 20 experiments were required in order to develop multiple 
linear regressions for 3x-variables. For 3 x-variables, the response function takes the 
following form: 
                                  
       
       
            
                                                                                                                                             
The values of the regression coefficients have been calculated and are provided in the 
Table 8.3, Note that             are coded values (i.e. -1.682, -1, 0, +1, +1.682) which 
represent real values of the three operating variables of interest. 
Table 8.3: Regression coefficients of model equation 
 
The values of regression coefficients gives the following relationship between 
percentage evaporation (      ) and liquid level (   ), air flow rate(   ) and evaporation 
time(   ): 
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The percentage evaporation (Y response) at different liquid level, evaporation time and 
air inlet flow rate can be calculated from equation (8.2). It is useful to validate the 
developed equation by comparing predicted values for percentage evaporation to 
observed experimental values. Table 8.4 shows the predicted values that have been 
estimated from equation (8.2) and observed data obtained from our experiments. A 
good agreement between the predicted values and observed values can be observed 
from Figure 8.9 which has an R
2
 value of 97.5%.  
 Table 8.4: Predicted data and experimental data of percentage of evaporation (%) 
  Variables       
Percentage of 
evaporation (%) 
Test 
No. Liquid level    Flow rate Time 
 
Observed Predicted 
1 4 35 70 
 
12.84 14.24 
2 10 35 70 
 
4.82 4.38 
3 4 45 70 
 
16.89 18.97 
4 10 45 70 
 
6.33 5.06 
5 4 35 130 
 
23.24 25.28 
6 10 35 130 
 
9.94 8.63 
7 4 45 130 
 
32.43 33.64 
8 10 45 130 
 
13.55 12.93 
9 2 40 100 
 
39.53 35.92 
10 12 40 100 
 
7.66 10.21 
11 8 30 100 
 
8.15 7.51 
12 8 50 100 
 
15.56 15.10 
13 8 40 40 
 
3.85 3.17 
14 8 40 160 
 
19.48 19.08 
15 8 40 100 
 
11.48 11.40 
16 8 40 100 
 
11.85 11.40 
17 8 40 100 
 
11.11 11.40 
18 8 40 100 
 
11.26 11.40 
19 8 40 100 
 
11.26 11.40 
20 8 40 100 
 
11.26 11.40 
 
Using the developed equation, the evaporation process has been investigated by 
studying the effect of each operating variable on the percentage of evaporation. This 
was achieved by utilizing the code value for each parameter. Figure 8.10 shows that the 
percentage of evaporation decreases rapidly with increasing liquid level, while it 
increases slightly with increasing air flow rate and time of evaporation.  
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Figure 8.9: Observed values and predicted values resulted from developed equation. 
 
Figure 8.10: Variation of percentage of evaporation with different code levels 
In order to compare the effect of each operating variable on percentage of evaporation, 
the codes values of liquid level (X1), air flow rate (X2), and evaporation time (X3) have 
been re-arranged  as given in Table 8.5.  
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Table 8.5: Re-arrangement of percentage of evaporation with codes 
 
The average value of percentage evaporation was calculated based on the code values of 
each operating variable. For example, the average percentage evaporation was 
calculated to be 21.35 % when the code of liquid level (X1) was -1, while the average 
was 8.66 % when the code of liquid level (X1) was +1. This method was used to 
calculate the percentage evaporation for all variables and the results are provided in 
Table 8.6. Figure 8.11 shows straight line plots of each variable (liquid level, flow rate, 
and heating time) estimated between code values of -1 and +1. 
Table 8.6: Re-arrangement of average of evaporation with codes 
COD  Liquid level   Flow rate   Heating time 
-1 21.35   12.71   10.22 
1 8.66   17.30   19.79 
    
           
Figure 8.11: Effect of liquid level, flow rate and heating time on percentage of 
evaporation 
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It can be seen that the slope of the straight lines have been estimated to be 6 for liquid 
level, 4 for air flow rate and 2 for evaporation time. This means that changing liquid 
level has a stronger effect on percentage of evaporation when compared to other 
variables (i.e. flow rate and evaporation time). Therefore, percentage of evaporation can 
be controlled more effectively by changing liquid level instead of other variables. 
 
8.4.1.1 Effect of Liquid Level and Air Flow Rate on Percentage of 
Evaporation 
In previous sections, the effect of each operating variable on percentage of evaporation 
was studied when other variables are constant. For example, the effect of liquid level on 
percentage of evaporation was studied when air flow rate and evaporation time was kept 
constant. However, the interaction between liquid level, flow rate and time requires 
more clarity. Equation 8.2 can be used to analyze the interaction between the operating 
variables by changing two of these variables, while the third one is kept constant. 
MATLAB has been used to construct 3D response surface plots which will serve as an 
analysis aid. 
Figure 8.12 is a 3D response surface plot showing the effect of liquid level and air flow 
rate on the percentage of evaporation when the evaporation time is at a constant value of 
100 minutes. The figure indicates that higher evaporation rates (as percentage) can be 
achieved using lower liquid levels and high flow rates. According to our experimental 
design, reducing liquid level from 12cm to 2 cm while maintaining a flow rate of 30 
L/min, leads to a 280% increase in evaporation efficiency, while, at the same liquid 
level (2 cm) increasing the flow rate from 30 to 50 L/min increases the percentage of 
evaporation by 45% only. This sort of behaviour applies to all ranges of liquid level and 
air flow rate.  
The main reason for this behaviour is that increasing air flow rate creates bigger 
bubbles, hence decreases the bubble surface area even though it would have contributed 
to reducing the residence time of the bubble. Lower surface area means that the heat 
transferred is decreased and may not be sufficient to cause evaporation. Therefore 
increasing the flow rate causes higher sensible heat transfer, hence decreasing the 
fraction of heat used in evaporation. Our results suggest that there exist a competition 
between sensible heat transfer and evaporation. This behaviour can be explored in 
industrial processes that require an evaporation system such as food industries. High 
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efficiency of the evaporation can be achieved by reduction of liquid level which will 
also save energy and time. Whereas increasing the air flow rate, even if it leads to 
increased evaporation efficiency, would require more energy and time. Furthermore, if a 
high gas flow rate is to be employed, it may necessitate the use of larger equipment 
which will increase capital cost. The safety of the procedure will also be affected when 
using high gas flow rates especially because the gas flow is likely to be at a very high 
temperature and pressure. Therefore, it is highly favourable to improve percentage of 
evaporation by decreasing liquid level rather than increasing gas flow rate. 
                              
 
Figure 8.12: Response surface predicting percentage of evaporation from the model 
equation: effect of flow rate and liquid level 
  
8.4.1.2 Effect of Liquid Level and Evaporation Time on the Percentage 
of Evaporation  
The combined effect of liquid level and evaporation time on percentage of evaporation 
has been represented by a 3D response surface plot as shown in Figure 8.13. From 
Figure 8.13, it is observed that an increase in evaporation time enhances the percentage 
of evaporation at all liquid levels. Increasing the evaporation time, raises the 
temperature of liquid (as we will see later) thereby increasing the kinetic energy of the 
liquid molecules. Higher kinetic energy means that molecules will more readily escape 
from liquid phase to vapour phase due to an increase in vapour pressure. At the 
beginning of the experiment, the percentage of evaporation is very low because more of 
the supplied energy is transferred from hot bubbles to liquid phase as a sensible heat. 
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This behaviour occurs because the temperature of the upper layers of the liquid is much 
less than the lower layers at the start of the experiments. Therefore as the bubbles rise 
upwards they are more likely to re-condense upon contact with the cool layers. As time 
passes, the temperature of upper layer increases to a certain level when re-condensation 
is minimal thus enhancing evaporation.  
 
 
                           
 
Figure 8.13: Response surface predicting percentage of evaporation from the model 
equation: effect of liquid level and evaporation time. 
From Figure 8.14, the evaporation time required to evaporate 12% of liquid when the 
liquid level is 10 cm, is the same as that required to evaporate 48% of the same liquid if 
the liquid level was reduced to 2 cm. An evaporation time of 160 minutes enables a 
percentage evaporation of 48% using a liquid level of 2 cm. In order to achieve the 
same percentage evaporation using a liquid level of 10cm, the evaporation time needed 
is a lot more than 160minutes. Consequently, longer time, more energy and larger 
equipment size is required to improve percentage of evaporation at high liquid levels, 
not to mention added operational difficulties. 
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Figure 8.14: Effect of evaporation time (heating time) on the percentage of evaporation 
at different liquid level 
8.4.1.3 Effect of Evaporation Time and Flow Rate on the Percentage of 
Evaporation 
In this section, the effect of evaporation time and gas flow rate on percentage of 
evaporation is discussed. The liquid level was maintained at 2cm. From Figures 8.15 
and 8.16, it can be observed that increasing either the time for evaporation or the flow 
rate increases the amount of evaporated liquid. According to our experimental design, 
58% of water can be evaporated if the air flow rate is 50 L/min and the evaporation time 
is 160 min. Increasing the evaporation time leads to an increase in liquid temperature as 
well as kinetic energy thereby increasing the vapour pressure. In addition, increasing the 
flow rate leads to a decrease in bubble residence time. Both processes cause the 
enhancement of percentage of evaporation. It is also important to consider the economic 
aspects of the process. Higher energy consumption, larger equipment, and longer 
evaporation time are all economically unfavourable options that will be incurred if the 
flow rate and evaporation time are used as means of improving percentage of 
evaporation as opposed to changing liquid level.   
Furthermore, high flow rates will also result in higher cost especially if the gas 
employed in the sparging system is expensive.  There are also problems regarding 
compromising the safety of the procedure especially because the gas flow will be at a 
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high temperature. Therefore, in order to improve the rate of evaporation in evaporation 
systems, increasing the time for evaporation or air flow rate is not as attractive as 
reducing liquid level.   
 
 
 
 
 
 
 
         
 
Figure 8.15: Response surface predicting percentage of evaporation from the model 
equation: effect of evaporation time and flow rate. 
 
Figure 8.16: Effect of flow rate on the percentage of evaporation at different 
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It can be concluded that higher evaporation rates (as percentage) can be achieved by 
increasing gas flow rate, decreasing liquid level and increasing evaporation time. Liquid 
level has a stronger effect on percentage of evaporation compared to gas flow rate and 
evaporation time. Although percentage of evaporation can be enhanced by increasing air 
flow rate and evaporation time, these variables significantly increase the temperature of 
the liquid which may be undesirable in some applications. Increasing air flow rate and 
evaporation time can also increase cost and compromise the safety of DCE, whereas 
decreasing liquid level will incur lower if any additional cost and does not affect safety 
of the procedure. Therefore it is more favourable to decrease liquid level as a means of 
enhancing percentage of evaporation.  
8.4.2 Liquid Temperature  
The effect of the inlet air flow rate, liquid level and time of heating on liquid 
temperature has been investigated by creating a model equation using Central 
composite rotatable design.    
                                      
       
       
            
                                                                                                                    (8.3) 
Where   ,   ,   ,   ,    ,     ,    ,    ,    , and      are  regression coefficients 
with  their  values are represented in Table 8.7,               are code values (-1.682, -1, 
0, +1, +1.682) equivalent to (2, 4, 8, 10, 10, 12 cm ) for level of water, (30, 35, 40, 45, 
50 L/min) for flow rate, and (40, 70, 100, 130, 160 min) for heating time.  
Table 8.7: Regression coefficients of model equation 
 
                                                          
  
        
          
                                                         (8.4) 
The response of liquid temperature at different liquid level, heating time and air inlet 
flow rate can be calculated from equation (8.4). Table 8.8 shows the predicted data that 
was estimated from equation (8.4) and observed data of liquid temperature obtained 
from our experiments. 
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Table 8.8: Predicted data and experimental data of liquid temperature 
A good agreement does exist between the predicted values and observed values of 
percentage of evaporation and this has been illustrated through Figure 8.17 which has 
an R
2
 value of 92.15%.  
Based on the model created in Equation 8.4, Figure 8.18 shows that the temperature of 
liquid decreases slightly with increasing liquid level. Whilst increasing flow rate and 
time of heating lead to an increase in the liquid temperature. However, only a slight 
change in liquid temperature was observed. 
 
      Variables               Temperature (
o
C)   
Test 
No. 
Liquid level 
(cm) 
Flow rate 
(L/min)     Time (min) 
 
Observed Predicted 
1 4 35 70 
 
33.30 33.16 
2 10 35 70 
 
33.10 32.55 
3 4 45 70 
 
35.00 34.71 
4 10 45 70 
 
34.10 33.94 
5 4 35 130 
 
34.70 34.65 
6 10 35 130 
 
34.30 34.39 
7 4 45 130 
 
35.30 35.65 
8 10 45 130 
 
35.30 35.23 
9 2 40 100 
 
35.00 34.98 
10 12 40 100 
 
33.80 34.12 
11 8 30 100 
 
33.40 33.69 
12 8 50 100 
 
35.70 35.71 
13 8 40 40 
 
31.90 32.48 
14 8 40 160 
 
35.10 34.82 
15 8 40 100 
 
34.60 34.55 
16 8 40 100 
 
34.50 34.55 
17 8 40 100 
 
34.50 34.55 
18 8 40 100 
 
34.50 34.55 
19 8 40 100 
 
34.70 34.55 
20 8 40 100 
 
34.60 34.55 
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Figure 8.17: Observed values and predicted values resulted from developed equation 
    
                  Figure 8.18: Variation of liquid temperature with different code levels 
From obtained results, it can be inferred that direct contact evaporation is beneficial for 
liquid heating. Conversion of the evaporation process into a heating process can be 
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liquid level on heating system is more dominant than the effect of flow rate or heating 
time. In addition, there are other advantages that are associated with this process, for 
instance no moving part inside the bioreactor, low cost of installation and maintenance. 
Moreover, it contributes to reducing the partial pressure of the produced biogas, and 
hence; the bioreactions in the anaerobic digester become thermodynamically favourable 
and moves towards the formation of more products.   
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8.4.2.1 Effect of Liquid Level and Flow Rate on Liquid Temperature 
Effect of the variables (liquid level, flow rate, and time) on liquid temperature is 
discussed in this section by making use of the created model Equation 8.4 and 
MATLAB software. Figure 8.19 shows 3D response surface plot which illustrates the 
effect of these variables on the percentage of evaporation assuming that the heating time 
is at a constant value of 100 min.  
For the same amount of heat supply and heating time, the final liquid temperature at 
high liquid levels is expected to be significantly less than that at lower liquid levels. 
However, Figure 8.19 shows that increasing liquid level does not significantly reduce 
the final liquid temperature even though the amount of liquid became larger. The reason 
for this behaviour is that increasing liquid level leads to an increase in the residence 
time of the bubbles in liquid, thus part of the latent heat is converted into sensible heat 
which leads to an increase in liquid temperature due to vapour re-condensation. The 
figure also illustrates that increasing the flow rate of hot air increases temperature of the 
liquid. However, an increase in flow rate up to 40% did not achieve much improvement 
in temperature (only 6%), although the heat supply to the process was significantly 
increased. Since this increase in flow rate led to an increase in the bubble size which in 
turn results in a reduction of the residence time of bubbles in liquid phase, thus most of 
the energy provided by hot gas was lost as a latent heat of vaporisation. 
                      
Figure 8.19: Response surface predicting liquid temperature from the model equation: 
effect of flow rate and liquid level 
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For evaporation process that deals with thermal sensitive liquid reducing the liquid level 
will maintain the liquid temperature at desired value. However, in the heating process, 
this behaviour can be made useful through increasing the liquid level.  In this way, it 
may not be necessary to increase the air flow rate in order to achieve liquid heating. 
8.4.2.2 Effect of Heating Time and Flow Rate on Liquid Temperature 
The effect variables (heating time and flow rate) on the temperature of liquid is 
represented in Figure 8.20. It can be observed that the liquid temperature increases with 
an increase in heating time and flow rate due to an increase in the amount of supplied 
heat and time.   
                  
Figure 8.20: Response surface predicting liquid temperature from the model equation: 
effect of flow rate and heating time 
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8.4.2.3 Effect of Liquid Level and Heating Time on Liquid 
Temperature 
Figure 8.21 shows the effect of liquid level and heating time on liquid temperature, 
when the flow rate was held constant at 40 L/min. From 3D surface plot, it can be 
observed that increasing the heating time and decreasing liquid level leads to an 
increase in the temperature of liquid. However, according to our experimental 
conditions, the final steady state temperature is stable within 35-36 
o
C after 60-80 min 
depending on the liquid level. Based on our observation, during this time, the 
percentage of evaporation was increased, because increasing the liquid temperature 
increases the kinetic energy and the vapour pressure. Furthermore, this increase in the 
liquid temperature helps in reducing vapour re-condensation. Consequently, a much 
higher fraction of the total heat provided by hot bubbles is converted to the latent heat 
when compared to sensible heat.  The time required to achieve steady state temperature 
is inversely proportional to liquid level. 
               
Figure 8.21: Response surface predicting liquid temperature from the model equation: 
effect of liquid level and heating time 
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The direct-contact-heating suggested in present study can be used in various 
applications. Anaerobic digestion, which needs a heating system to increase activity of 
bacteria, is one of these bioprocesses that need such this technology.  This unit has a 
noticeable height of the liquid phase that can be utilised to increase the sensible heat 
over the latent heat. Microbubble generated by fluidic oscillation, plays an important 
role in increasing efficiency of the heating system with lower percentage of evaporation 
by increasing the residence time of the gas bubbles in liquid phase and enhancement of 
mixing system in anaerobic digestion, thus, the cost of operational conditions decreases. 
8.5 Summary  
Previous studies have shown that a rise in reaction temperature increases bacteria 
growth rate in biochemical reactions. Although there has been a rapid development of 
heating systems and they are widely used in various bioprocess applications, there is 
still need for further technical developments in order to increase the efficiency of heat 
transfer rate in these processes. The low efficiency, high cost of installation, 
maintenance, and the potential operational problems are important challenges that have 
been faced the development of these systems. This chapter addresses the utilization of 
direct-contact evaporation (DCE) for process heating through the conversion of direct-
contact evaporation into direct-contact heating (DCH).  
This Chapter focused its study on three parameters; liquid volume, flow rate of hot gas 
and heating time. The desired percentage of evaporation and liquid temperature can be 
achieved by adjusting the liquid volume, flow rate, and heating time. Central composite 
rotatable design was used as an experimental design method in order to study the effect 
of these parameters on evaporation efficiency and liquid temperature. Five values were 
taken for the individual parameters in each experiment while the humidity, evaporation 
and water temperature was measured as objective variables. The data obtained from the 
experiments show that a competition exists between the latent heat transferred and the 
sensible heat. Based on the created equation, the liquid level has a significant effect on 
the fraction of heat that is used in heating the liquid (i.e. sensible heat). The fraction of 
the supplied heat transferred as sensible heat was observed to increase with increasing 
liquid level. In addition the percentage of evaporation increased with an increase in the 
flow rate of hot gas and time of heating while it decreased as the volume of liquid 
increased.    
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9.1 Conclusions 
In this study, a sparging system was applied to anaerobic digestion. The sparging 
process was carried out using microbubbles generated by a fluidic oscillator and fine 
bubbles. The aims were to develop the mixing system for anaerobic digestion, enhance 
the production of methane as a renewable energy source, re-processing the digested 
sludge from the acid gases and develop the heating system.  
The results obtained from the experiments in the present study led to the following 
conclusions: 
  9.1.1 Anaerobic Digestion for Laboratory Purpose (Materials and 
Methods). 
The preceding section have discussed the use of prepared sludge for laboratory 
experiments in anaerobic digestion instead of normal sludge, which was collected from 
primary and secondary clarifiers at a wastewater treatment plant in Sheffield city. The 
experiments were conducted using a mixture of kitchen food waste and digested sludge, 
which poses less danger than that collected from treatment units. The suggested sludge 
was tested experimentally for 35 days. The results showed that there was a significant 
decrease only in the methane produced in the digester fed with digested sludge during 
the first days of operation, whilst in the anaerobic digester fed with simulated sludge; 
the methane production rate remained almost stable throughout the working operation 
(e.g. 35 days) with relatively low H2S production. 
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In addition, this study included improvement of the method of biogas collection. A new 
method for biogas collection was suggested here for laboratory purposes. The 
traditional methods usually cause pressure build-up in the headspace of the digester in 
addition to other problems, while the method in this part of study allows the anaerobic 
digestion to operate under atmospheric pressure (e.g. 1 atm) by utilisation of 
phenomena of communicating vessels to create vacuum pressure as a first stage. The 
second stage is to treat this vacuum pressure with hydrostatic pressure that has the same 
value but in different direction as action and reaction. This method was also applied to 
real anaerobic digesters. 
Objectives: 
1. Creation a new method to collect the biogas produced from bioprocess. 
2. Reduction of operational problems due to use the sparging system in anaerobic 
digestion processes 
3. Synthesis of the sludge for laboratory purposes, thus, minimizes the health and 
environmental problems. 
9.1.2 Carbon Dioxide Mass Transfer Induced Through an Airlift Loop  
 
This study has investigated the dynamics of microbubble clouds that are possible with 
fluidic oscillation in enhancing Carbon dioxide gas transfer for either scrubbing or 
stripping operations in aqueous solution. Carbon dioxide scrubbing and stripping are 
essential elements of carbon capture and utilization systems, so the dynamics are 
topical. As Carbon dioxide has a reactive dissolution in aqueous solution, potentially 
controllable with pH, the analysis here for both measurement inference of the 
compositional state of the aqueous solution and for the assessment of mass transfer rates 
is useful for a number of operations. For instance, (bio)gas sweetening is important for 
sour natural gas (up to 15% acid gases), unconventional natural gases (over 20% acid 
gases), biogases (approximately 40% CO2), and liquefying natural gas for cryogenic 
storage. With microbubble mediation of both scrubbing and stripping (regeneration) 
operations in aqueous solution, it is clear that both operations can be sufficiently 
enhanced in rate to make aqueous solution a viable alternative to conventional CCS 
liquids such as methanolamine or ionic liquids. 
The comparison of measured overall mass transfer rates between fine bubbles and 
microbubbles demonstrates the expected rate enhancement, but surprisingly no role is 
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played particularly by the dissociation of carbon dioxide into carbonate and bicarbonate 
ions. The strong solubility of carbon dioxide is fully responsible for the slower 
extraction rate of carbon dioxide by comparison to the rate of scrubbing carbon dioxide, 
but microbubbles are sufficiently good at enhancing stripping so as to make 
regeneration operations feasible. The CFD modeling using the laminar bubbly flow 
approach by adapting Tsuji’s (Crowe 1998) two-fluid particle model captures the major 
features of the flow structure and the appropriate trends, achieving the same order of 
magnitude of overall mass transfer prediction, although under predicted. This suggests 
that CFD modelling is sufficient for design purposes. We speculate that the common 
gas-liquid interfacial boundary conditions for the two fluid model are the major 
idealizations responsible for the discrepancy. Observations both here and in other 
microbubble cloud studies(Zimmerman et al. 2011; 2009 and 2011(a))show that the 
violent bursting of bubbles and the migration of bubbles along the liquid surface have a 
substantial momentum recoil and produce greater mixing effects than the smooth and 
regular effects predicted by the CFD model. This added feature of momentum and mass 
exchange is unexpected in traditional models and warrants greater exploration, 
particularly flow visualization and velocimetry along with bubble cloud mapping with 
either optical or acoustic imaging methods. 
The objectives that can be achieved from this study can be summarised that use the 
microbubbles technology leads to:   
1. Improve the biogas purification process. 
2. Reduce the cost of carbon dioxide capture and regeneration cost of the carrier 
liquid. 
3. Provide another source of pure carbon and free from impurities for other 
biological processes (Microalgae process). 
4. Test the ability of computational modelling in study mass transfer in gas-liquid 
systems at different operational conditions. 
9.1.3 Gaslift Bioreactor for Biological Applications with Microbubble 
Mediated Transport Processes (Design and Simulation) 
Understanding and optimising the efficiency of mixing and mass transfer is a key 
concern in many bioprocess applications including those that use airlift bioreactors. 
Aeration remains a key concern and cost factor in many processes and even anaerobic 
processes such as biogas production can be significantly enhanced by better gas-liquid 
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mass transfer. The design and simulation of an airlift bioreactor with aeration using 
microbubbles generated by fluidic oscillation has been addressed in the present study. 
This is the first simulation study to comprehensively analyse the effect of microbubbles 
on mixing and transport in airlift reactors. The results show that the use of microbubbles 
of 40 µm diameter can dramatically increase the interfacial area available for mass 
transfer and also the residence time of the gas bubbles. This is due to much higher levels 
of gas recirculation for microbubbles when compared to larger bubbles. In addition, the 
results also show that, for the low gas flow rate studied (300 ml/min), microbubbles 
increase the liquid circulation velocity and hence potentially give better mixing. This is 
a somewhat counter intuitive result given the slower rise velocity of smaller bubbles, 
but it stems from the increased momentum transfer from gas to liquid for smaller 
bubbles. Finally, we used the simulations to investigate key design decisions on the 
geometry of the bioreactor: the vertical positioning of the diffuser and the draft tube 
diameter in order to avoid dead zones of poor mixing and mass transfer. Overall, the 
results obtained suggest enormous potential for microbubble aeration for improving the 
efficiency of mixing and mass transfer. They also demonstrate the power of 
computational modelling for the analysis and design of the next generation airlift 
bioreactors for bioprocess applications. 
Microbubbles technology was used to design of reactor, which has the following 
specifications: 
1. Low energy required to increase the efficiency of mixing system in biological 
processes 
2. Increase of mass transfer and heat transfer between the gas and liquid can be 
achieved if this technology is used. 
3. Lower dead zones inside the reactor. 
9.1.4 Removal of Acid-gases from Digested Sludge  
The benefits of the airlift bioreactor for enhancing methane production from digested 
sludge are demonstrated in this work. The results also show a high hold-up of methane 
in the digester which far exceeds the equilibrium solubility levels and may inhibit 
biogas production in the unsparged digester. Through 170 hours of processing we also 
measured much greater removal of the CO2 and H2S compared to a conventional 
digester due to the sparging with 300ml/min of nitrogen for 1 hour each day. 
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Utilization of the fluidic oscillator in generating the microbubble was investigated in the 
current chapter. Throughout seven days of processing, the experimental data showed 
that the removal of carbon dioxide and hydrogen sulphide, in gaslift anaerobic digester 
with microbubble generated by fluidic oscillator were more than that for the 
conventional digester. 
According to results obtained from experiments in chapter seven, the increase of time of 
sparging does not give a significant difference in efficiency of process, whether the 
digester operates with or without fluidic oscillator. Therefore, and in order to study of 
this technology, it is necessary to determine the sparging time to be suitable with size of 
digester. 
Certainly, further investigation is required to uncover of the dissolved gases are 
responsible for limiting anaerobic digestion. Whatever the chemical or biological 
mechanisms at play, this appears to be a very fruitful area of research. It should also be 
noted that nitrogen sparging at the volumetric rate used in this study is not a realistic 
proposition since it drastically dilutes the energy density of the digester off-gas. Future 
work will therefore focus on sparging with recycled biogas, pure methane, or other 
mixes of CO2 and CH4. This will shed further light on which gases are limiting and will 
be closer to a workable system for industrial scale enhanced biogas production. Airlift 
digesters can provide good mixing with lower energy consumption and enhanced of 
stripping of limiting gases. They could provide the basis for more productive and 
controllable anaerobic digestion in the future. 
Objectives: 
1. Processing the digested sludge from acid-gases 
2. Protection pipeline and pumps from corrosion and damages. 
3. Control of the odours emitted from digested sludge. 
 
9.1.5 Investigation of the Effects of Sparging in Anaerobic Digestion 
Using Various Gases and Microbubbles Generated by Fluidic 
Oscillation 
The present study investigates sparging with microbubbles generated by a fluidic 
oscillator and fine bubbles in the anaerobic digestion process using different gases 
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(nitrogen, nitrogen with carbon dioxide, recycled the biogas and pure carbon dioxide). 
The results show that using nitrogen in airlift anaerobic digestion leads to a reduction in 
methane production. The reason for this situation is that the stripping of methane from 
the digestion process causes stripping of gases such as carbon dioxide and hydrogen that 
are required in order for methanogenic bacteria to methane.  
Although, as is discussed in the second part of this chapter, the carbon dioxide is 
compensated, there is no significant increase in methane production except during the 
first days of the experiments.  
The recycling of pure biogas to the digester, discussed in the third part of this chapter 
led to 10-14% enhancement of methane production. This system was utilized to develop 
the heating system in anaerobic digestion, as is discussed in the chapter eight. In order 
to strip amounts of methane from the digester during the recycling process, the dilution 
of the recycled biogas with carbon dioxide was required to give enhancement of 
methane production. In addition, the sparged digester using pure carbon dioxide was 
shown to produce double the amount of methane produced by the conventional digester.  
Based all the results described here; therefore, sparging with pure carbon dioxide 
appears to be the best strategy for increased methane production. This finding should be 
tempered by the fact that the dilution causes the resulting off-gas to have lower specific 
energy content. 
These results and previous studies, as is described in chapter six, concluded that the 
over-saturation of biogas produced in the sludge leads to decrease the mass transfer rate 
of these gases from the cells. Therefore; removal of the biogas, regardless of type 
method used, increases the concentration driving forces between the medium inside the 
cell (high concentration) and its outside, which becomes lower concentration after the 
removal process, and thus, leads to increase the mass transfer rate and to make the 
biogas production reactions thermodynamically more favourable. 
Objectives:  
1. Improvement of performance of the anaerobic digestion. 
2. Enhancement of methane production by conversion portion of the carbon 
dioxide to methane. 
3. Use this technology to create an integration between the anaerobic digestion and 
the CHP. 
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4. Reduction of greenhouse gases in the atmosphere. 
5. Minimize the cost of biogas production. 
9.1.6 Improvement Heating System in Anaerobic Digester   
Conversion of the latent heat into sensible heat in direct contact evaporation was 
investigated in the present thesis. Three parameters were studied in the present chapter; 
liquid level, flow rate of hot gas and heating time. In addition, the central composite 
rotatable design was used as an experimental design method in order to study the effect 
of these parameters on the evaporation efficiency and liquid temperature. Based on the 
created equation, the liquid level has a very strong effect on percentage of evaporation, 
while it has a slight effect on the liquid temperature. The present study has also 
concluded that the desired percentage of evaporation and temperature can be achieved 
by controlling the sensible heat and latent heat in gas-liquid system through the 
adjustment of liquid level, flow rate, and heating time. In addition, the data obtained 
from experiments show that the percentage of evaporation increases with increasing 
flow rate of hot gas and time of heating, while it decreases with increase in the liquid 
level. Although the percentage of evaporation is decreased with increasing level of 
liquid, the final temperature of water is only slightly affected. Therefore, conversion of 
the evaporation process into heating process can carry out by choosing suitable values 
for parameters (liquid level, flow rate, and heating time). The effect liquid level on 
heating system is more dominant than the effect of the flow rate or the heating time.     
Objectives: 
1. Heat recovery from the hot gas exhaust can be utilised to heat the anaerobic 
digestion process. 
2. Low cost of operating, installation and maintenance. 
3. Reduction in effect of hot gases on the global warming. 
4. Minimize the problems that associated with traditional methods, for example 
corrosion of heat exchanger pipes and increasing the thermal resistance. 
 9.2. Integration of Biological Processes in a Wastewater Treatment 
Plant Using Microbubble Generated by Fluidic Oscillator. 
The present experiments used microbubbles generated by fluidic oscillator in anaerobic 
digestion. The results demonstrated that the recycling of pure biogas to the digester, as 
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is discussed above, led to enhancement of methane production, but did not affect the 
efficiency of the process. This advantage was utilised to develop the heating system in 
anaerobic digestion, as is discussed in another chapter of this thesis. In order to strip 
methane from the digester during the recycling process, the dilution of the recycled 
biogas with carbon dioxide was required. The results showed that enhancement of 
methane production occurred. In addition, the sparged digester that used pure carbon 
dioxide was shown to produce double the amount of methane produced by the 
conventional digester. Furthermore, the results obtained from the (CO2 Mass Transfer 
section) suggest the possibility of using microbubble technology in the upgrading of 
biogas using water, which can be regenerated by using the same technology.  
Depending on these results and conclusions, the study concluded that it is possible to 
integrate anaerobic digestion and other units to achieve the goal which forms the 
hypothesis this search. 
The integration of biological processes in the wastewater treatment plant with biofuel 
production processes using microbubbles generated by fluidic oscillator is presented in 
the following figure (9.1). 
The main input to this integration is wastewater, whilst the products can be listed as the 
following (see figure (9.2)): 
1. Production of extra Biogas (methane) by using microbubble technology with carbon 
dioxide in anaerobic digestion. 
2. The captured carbon dioxide can be used in other bioprocesses such as production of 
biofuel from microalgae with lower production costs. 
3. Production of extra electricity through the use of microbubble technology to mix the 
medium, with lower energy requirements. 
4. Production of extra heat energy due to the use of direct-contact-evaporation  
5. Production of digested sludge for use as soil fertilizer 
6. Production of treated water biologically 
7. NO Carbon dioxide is released into the atmosphere. 
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Figure 9.1:  Integration of biological processes in wastewater treatment plant using 
microbubble generated by fluidic oscillator 
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Figure 9.2: Benefits of the integration process 
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9.3 Future Work 
The current study used a sparging system and micro technique in anaerobic 
digestion to achieve the desired goals. However the author suggests some 
recommendations for future work: 
9.3.1 Mass Transfer Study 
1. The current research suggested the use of water with microbubble technology 
generated by fluidic oscillator in the upgrading of biogas; however, this process 
could potentially be optimized by testing the technology further with other 
solvents. 
2. Study variables that affect the upgrading of biogas, with and without the use of 
microbubble technology. 
3. The study used a batch reactor in the dissolution and stripping processes. 
Therefore it is necessary to scale-up from a batch process to a continuous 
process. 
9.3.2 Simulation Study  
4. Development of the model by using a turbulent flow model and studying the 
same parameters, as were investigated in the present study. 
5. Study other variables that affect the fluidic dynamic 
6. Development of the model for a mass transfer study and heat transfer study after 
providing the required information and equations. 
9.3.3 Removal of Acid Gases 
7. Repeat the experiment under thermophilic conditions to investigate the effects of 
microbubble technology on the removal efficiency of acid gases. 
8.  Study other parameters that affect the efficiency of the process. 
9. Study the removal process with lower sparging time.  
9.3.4 Anaerobic Digestion  
10. Use different concentrations of carbon dioxide for the sparging system of 
anaerobic digestion 
11. Use the microbubbles generated by the fluidic oscillator in the recycling of 
undiluted and diluted biogas in anaerobic digestion. 
12. Use carbon and hydrogen in anaerobic digestion  
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12. Because of importance of these experiments, the author recommends repeating 
the experiments with same conditions used in present study as well as with 
thermophilic conditions. 
9.3.5. Heating System  
13. Application of the suggested method for real anaerobic digestion to investigate 
its efficiency. 
14. Study the effects of inlet air temperature and liquid temperature. 
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A.1 Chemical Oxygen Demand (COD): 
It is a vital test commonly used for assessing the quality of water and measuring the 
amount of pollution in wastewater (organic compounds) indirectly as well as being an 
indicator for treatment plant efficiency. 
Chemical oxygen demand (COD) can be evaluated by measuring the degree of green 
coloration of chromate ions those results from a reaction of sulphuric acid potassium 
solution with oxidizable substances that exist in a sample of the wastewater in the 
presence of a silver sulphate catalyst.    
The COD of the sludge in the present study was evaluated by using regent provided by 
HLFWQ compant with range (5-60 g/l). 
The procedure for measuring the organic acids is: 
1. Invert the cuvette a few times to mix the suspension and sediment. 
2. Place a pipette containing 0.2 ml of wastewater carefully inside the cuvette. 
3. Close the cuvette and clean it and then invert again. 
4. Heat the cuvette to 148 
o
C for 120 min. 
5. Remove the hot cuvette and invert it twice, then leave it in a cool place to cool 
to 25 
o
C. 
6. Clean the outside of the cuvette and evaluate the COD (g/L) using the device 
spectrometer (DR2800 (Model)). 
A.2 Volatile Acids: 
The evaluation of volatile acids with mg/L existing in a wastewater sample can be 
achieved by esterification of the carboxylic acids using spectrometer (DR 2800). 
  The range of volatile acids used in present study was (27–2800 mg/l) 
                        Table A.1: Reagents used in measuring the volatile acid 
 Name of regents Quantity for each test  
1. Ethylene Glycol 1.5 ml 
2. Sulfuric Acid Solution 0.2 ml 
3. Hydroxylamine Hydrochloride Solution, 100-g/L 0.5 ml 
4. Sodium Hydroxide Standard Solution, 4.5 N 2.0 ml 
5. Ferric Chloride Sulfuric Acid Solution 10.0 ml 
6. Water, deionized 10.5 ml 
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Table A.2 Equipments and tools required for measuring 
 
Procedure for evolution of volatile acids:   
1. Prepare a centrifuge sample of wastewater for 10 min at 2000 rmp using 
(Eppendorf centrifuge 5810). Then pipette 0.5 ml into the sample cell (25 ml)   
2. Prepare a blank sample by pipetting 0.5 ml of deionized water into the second 
sample cell (25 ml) for calibration of the device 
3. Put 1.5 ml of Ethylene Glycol solution into each sample cell and swirl them to 
mix the solutions. 
4. Pipette 0.2 of  Sulphuric Acid Solution  into each sample cell and mix them. 
5. Insert both sample cells in boiling water for 3 min. 
6. Cool both sample cells to room temperature 
7. Pipette 0.5 of  Hydroxylamine Hydrochloride Solution into each sample cell and 
swirl them to mix the solutions. 
8. Pipette 2.0 ml of Sodium Hydroxide Standard Solution (4.5 N) into each sample 
cell, then swirl them to mix the solutions. 
9. Pipette 10 ml of Ferric Chloride Sulphuric Acid Solution into each sample cell, 
then swirl them to mix the solutions. 
10. Pipette 10 of deionized water and invert them to mix the solution  
11. Pipette 10 ml from the deionized sample cell into another dried sample cell (10-
ml). Then pipette 10 ml from the wastewater sample cell into another dried 
sample cell (10-ml). 
12. Turn-on the timer for three minutes and during this period, turn on the 
spectrometer device and select the 770 volatile acid software. 
13. Measure the deionized sample cell used for calibration of the device and the 
wastewater sample cell to evaluate the Volatile acids.  
 Equipment Model 
1. Centrifuge  
2. Spectrometer   DR 2800 
3. Centrifuge Tubes, 50-ml  
4. Sample Cells, 25 ml,  
5. Sample Cells, 10 ml,  
6. Heater for water bath  
7. Pipet, volumetric 10 ml  
8. Pipet, volumetric 50-1000 µm   
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